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Chapter 1
General Introduction
1.1 Overview
Chapter 1 contains a brief outline of the structure of the mammalian cerebral cortex
and an overview of different types of cortical modules. The entorhinal cortex is used
as an example to illustrate principles of cortical organization. Chapter 2 reviews the
behaviour and neurobiology of the Etruscan shrew and in Chapter 3 the cerebral cortex of
the Etruscan shrew is studied using qualitative and quantitative anatomical techniques.
Chapter 4 focuses on a group of principal cells in the entorhinal cortex of the rat that is
organized in discrete cell clusters. These modules are studied in relation to cholinergic
innervation and a functional correlate is suggested. Chapter 5 explores differences in
spatial distribution of principal cell types in layer 2 of rat medial entorhinal cortex.
Modular distribution of cholinergic input is contrasted with other modular structures
in the medial entorhinal cortex and adjacent cortical regions. Chapter 6 concludes this
thesis with a brief discussion of the main findings.
1.2 Cortical regions and areas
The cerebral cortex is the brain structure that changed most dramatically in the course
of evolution. It expanded faster than all other brain regions and together with the
overall trend towards increasing brain size led to the enormous cortical expansion in
humans, elephants and whales. Fossil evidence indicates that ancestral mammals were
probably small with little cerebral cortex and over time spread to more diverse ecological
niches. But some mammals withstood the trend of general cortical enlargement and even
decreased significantly in size from their evolutionary ancestor (Kaas, 2013). In Chapter
2 and 3 of this thesis I study the Etruscan shrew, Suncus etruscus, arguably the smallest
1
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mammal with a body weight of ≈ 2 g, a body length of ≈ 35 mm (Merritt, 2010) and
one of the smallest mammalian brains with a brain weight of only 60 mg. The size range
of mammals spans eight orders of magnitude, from 2 g to 200 tonnes of the blue whale.
Mammals have large brain to body weight ratios and this also holds for the Etruscan
shrew. However, maintaining a large brain incurs a metabolic cost and in Chapter 2 we
review how metabolic demands impact the behavior and neural structure in the Etruscan
shrew.
The defining structural characteristic of the cortex is its subdivision into layers. The
general layout consists of a single pyramidal cell layer, a layer of diverse and scattered
interneurons and a largely acellular input layer. This structure is preserved in the
hippocampus but elaborated into six layers in the mammalian isocortex (Brodmann,
1909). Overall, cortical thickness varies only seven-fold from the Etruscan shrew to
man (Nieuwenhuys et al., 1998) and most of the 100.000-fold difference in size is due
the expansion of cortical surface area. The cortical sheet is not homogeneous but sub-
divided into regions areas, the “organs of the brain” (Brodmann, 1909). The cerebral
cortex can be roughly subdivided into a lateral olfactory region, a medial region related
to spatial navigation, learning and memory, and a dorsal region responding to sensory
inputs such as visual stimulation. The lateral, medial and dorsal regions are recognized
as homologous in reptiles, birds and mammals, yet possibly, the ancestry of the cerebral
cortex can be traced back even further (Tomer et al., 2010). The lateral region, the
paleocortex, and the medial region, the archicortex, are collectively referred to as allo-
cortex. The remaining cortex can now be thought of as forming concentric layers around
the allocortex towards a central dorsal cap - the isocortex (Sanides, 1970). Thus, the
most simple classification recognizes only two types of cortical structures, isocortex and
allocortex as shown in Fig. 1. However, due to the large differences in laminar struc-
ture between e.g. entorhinal cortex and hippocampus, periallocortex and proisocortex
are often designated as an intermediate type of cortex or mesocortex (Filimonoff, 1947;
Stephan, 1975).
Figure 1.1: Hierarchical organization of the cerebral cortex.
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Different methods have been developed to distinguish cortical rergions and areas. Classic
cytoarchitectonic localisation is based on differences in histological appearance of cellu-
lar elements, laminar structure and topographic arrangement (Brodmann, 1909; Krieg,
1946). Together with experiments based on electrical stimulation, lesions, responses
to sensory stimuli and afferent connections a consensus about the localisation of a few
major areas has emerged (Fritzsch & Hitzig, 1870; Munk, 1881; Rose & Woolsey, 1949;
Blackstad, 1956). Still, there are few anatomical markers identifying areas beyond the
primary sensory regions and maps obtained using electrophysiological methods depend
strongly on the type of mapping procedure adopted (Graziano, 2006; Brecht, 2011).
Recent experiments challenged the classical view that larger brains have considerably
more cortical areas and proposed that large numbers of areas emerge early in evolution
(Wang & Burkhalter, 2007). Comparative studies of the largest and the smallest mam-
malian brains may allow to answer these questions. Thus, in Chapter 3 we investigate
the regional and areal structure of the Etruscan shrew cerebral cortex.
1.3 Entorhinal cortex
Here, we give an overview of the subdivisions of the parahippocampal region. Chapters 4
and 5 provide a more detailed anatomical description of these areas and attempt to relate
cortical function to cellular architecture. Figure 1.2A shows the location of the entorhinal
cortex (MEC - medial entorhinal cortex, LEC - lateral entorhinal cortex) in a caudal view
of the left hemisphere of a rat brain. Entorhinal, perirhinal (Per) and postrhinal cortex
(Por) combined form the parahippocampal region (Burwell, 2000). Most investigations
of the rodent entorhinal region have used sagittal (Fig. 1.2B) or horizontal (Fig. 1.2C)
sections. The sections in Fig. 1.2B and 1.2C were stained for acetylcholinesterase
activity which reveals chemoarchitectonic characteristics of the entorhinal cortex and
neighbouring regions (Mathisen & Blackstad 1964). In brief, medial entorhinal cortex
can be defined by its lattice-like staining for acetylcholinesterase activity in layer 3
as opposed to the more homogeneous staining pattern seen across superficial layers in
lateral entorhinal cortex. Also, variably sized islands of acetylcholinesterase staining
are present in layer 2 of medial entorhinal cortex (black arrows in Figs. 1.2B, 1.2C).
The parasubiculum (PaS) and presubiculum (PrS) are part of the retrohippocampal
region (Ko¨hler, 1986). They enclose a triangular region marked by an asterisk (Fig. 1C)
which has been variably classified (Blackstad, 56; Haug, 1973; Honda & Ishizuka, 2004;
Wang & Burkhalter 2007; Ding, 2013). To better understand the topography of modular
structures in the entorhinal cortex we use tangential sections of the entorhinal region as
shown in (Fig. 1.2D). A section through layer 3 of medial entorhinal cortex cut from the
tangential preparation in Figure 1.2D is shown in Figure 1.2E. This section was stained
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Figure 1.2: An overview of the rat parahippocampal region in sagittal, horizontal
and tangential sections. A, Posterior view of the left cortical hemisphere of a rat brain
with medial entorhinal cortex (MEC), lateral entorhinal cortex (LEC), parasubiculum
(PaS), perirhinal cortex (Per) and postrhinal cortex (Por) indicated. B, Caudal part of a
sagittal section stained for acetylcholinesterase activity. Almost the entire dorso-ventral
length of this section is taken up by medial entorhinal cortex with parasubiculum and
posthinal cortex dorsal to medial entorhinal cortex. Medial entorhinal cortex is charac-
terized by palisade-like staining in layer 3 and increased staining activity in modules in
layer 1/2. C, Caudal part of a horizontal section stained for acetylcholinesterase activ-
ity. Medial entorhinal cortex is defined as in B. Medial to the medial entorhinal cortex
are the parasubiculum, the triangular region (asterisk) and the presubiculum (PrS).
D, Brain slice prepared by a tangential cut through entorhinal cortex and adjacent
regions, unfolded and flattened. Entorhinal cortex and presubiculum are myelin dense
compared with neighboring areas and therefore reflect more light in unstained tan-
gential sections. Surrounding the presubiculum are the subiculum (Sub), retrosplenial
granular cortex (Rsg), retrosplenial agranular cortex (Rsa), occipital cortex (Occ). E,
Tangential section through the brain slice shown in D. In the medial entorhinal cortex
the section passes through layer 3, largely parallel to the surface. In retrosplenial and
occipital cortex the section passes through several layers highlighting areal differences.
Scale bars: A = 1 mm; C = 1 mm (also for B); D, E = 1 mm. d = dorsal, l = lateral,
m = medial, v = ventral, r = rostral, c = caudal. For abbreviations see Table 5.1.
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for acetylcholinesterase activity and reveals clear architectonic borders of several cortical
areas (Eckenstein et al., 1988). The lattice-like arrangement of acetylcholinesterase
positive fibres seen in sagittal or horizontal sections (Figs. 1.2B, 1.2C) in layer 3 of
medial entorhinal cortex appears as an array of dots in tangential sections (Fig. 1.2E).
This allows for an easy delineation of the medial entorhinal area against the lateral
entorhinal area and the parasubiculum.
1.4 Modular structure of the cerebral cortex
Cortical areas have been subdivided into smaller subunits called minicolumns, columns,
patches, blobs, domains or modules (Kaas, 2012). In the most general sense, modules
can be defined as a set of structural features that repeats in a more or less regular fashion
in a plane parallel to the surface of the cortex. Modules are not necessarily cylindrical
in shape but can also take the form of bands or stripes and they are present in variable
sizes from 30 um to more than 1 mm (smallest diameter). Modular structures have
been found in many different cortical areas and in almost all cortical layers; but also in
other regions of the mammalian (Roney et al., 1979) and non-mammalian brain (Leise,
1990). A general feature of modules is that they scale allometrically with brain size or
cortex size. While mammalian brain size varies by a factor of 100.000 (Nieuwenhuys
et al., 1998), module size varies at most by a factor of about 10 (Manger et al., 1998).
Modular anatomical structures may be formed during cortical development, they can
be recognized by dendritic bundling or cellular clustering or they may be imposed upon
cortical architecture by topographic or overlapping afferents. In the following paragraphs
we describe a few examples of modular structures and possible functional correlates.
The smallest modules are 30 - 50 um wide vertical cell columns (von Economo & Koski-
nas, 1925; Jones, 2000; Buxhoeveden & Casanova, 2002). Such columns may be a
reflection of the radial migration of clonally related excitatory cells in cortical develop-
ment (Kornack & Rakic, 1995). These clonally related cells are preferentially connected
(Yu et al., 2009; Yu et al., 2012) and have similar sensory response properties (Li et
al., 2012; Ohtsuki et al., 2012). Also, neurons are more densely connected vertically
across layers than horizontally within layers (Lund & Boothe, 1975). Together, these re-
sults may form the basis for the similarity of response properties encountered in vertical
electrode penetrations through the cerebral cortex (Mountcastle, 1957; Hubel & Wiesel,
1962; Mountcastle, 2003).
Dendritic bundles are prominent elements of the neuropil in between the cellular columns
(Fleischhauer et al., 1972; Peters & Walsh, 1972). The spacing of dendritic bundles is
about 40-50 um, similar to the cell columns, however any individual dendrite may overlap
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with several cell columns. Thus, dendritic bundling allows for an alternative definition
of minicolumns: all neurons contributing to the dendritic bundle are considered an
anatomical unit. The dendrites of groups of neurons in layer 5 bundle together and
ascend through layer 4 where they may be joined by dendrites of layer 2 and 3 neurons
(Peters, 2010). So far, there is no evidence for increased connectivity or more common
synaptic input among layer 5 neurons contributing to a dendritic bundle (Krieger et
al., 2007). Dendritic bundling is also widespread in layer 2 pyramidal cells (Rockland
& Ichinhohe, 2004). Consequently, inputs to layer 1 and 2 often segregate and target
specific sets of dendritic bundles. For example, in rat visual cortex, thalamic and cortico-
cortical afferents form an interdigitating set of terminations at the layer 1/2 border
(Ichinohe et al., 2003).
Figure 1.3: The white reticular substance of Arnold in the medial aspect of the human
temporal lobe. Adapted from Arnold (1838).
Body surfaces are represented topographically in the brain. In cases where the body
surface is segregated into adjacent elements such as the fingers of the hand or the nose
appendages of the star-nosed mole, these are visible as modular elements in the cerebral
cortex (Catania et al., 1993; Jain et al., 1998), thalamus (Liao et al., 2013) and brainstem
(Catania et al., 2011). The most famous example for this type of modules is the barrel
cortex of rodents (Woolsey and Van der Loos, 1970; Lorente de No, 1992). This clear
structure/function relationship has made the barrel cortex an elegant model for studying
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layer specific functional properties (Brecht & Sakmann, 2002) and quantitative anatomy
(Meyer et al., 2010).
The types of columns described above all have definite anatomical boundaries yet ori-
entation preference maps in visual cortex show a nearly continuous mapping of stimulus
properties across the cortical surface (Kaas, 2012; Kaschube et al., 2010). A possible
anatomical basis for this type of module, first described in the entorhinal cortex, may
be afferent fibers that ramify in the form of overlapping, vertical cylinders in the cortex
(Lorente de No, 1933).
1.5 Modular structures in the entorhinal cortex
Probably the first type of modular structure was described in freshly dissected human
brains in the temporal lobe. The medial part of this lobe shows a distinct surface
structure - the white reticular substance of Arnold (Fig. 1.3; Arnold, 1838) and in
between, prominent elevations visible to the naked eye termed “verrucae” (Retzius,
1896). These features correspond to a network of myelinated fibers and cellular islands
in the entorhinal cortex and presubiculum (Klingler, 1948). While the modular structure
of the primate and human entorhinal region has been studied in great detail (Braak,
1972; Beall & Lewis, 1992; Hevner & Wong-Riley, 1992; Solodkin & van Hoesen, 1996;
Mikkonen et al, 1997; van Hoesen et al, 2000; Suzuki & Porteros, 2002), much less
is known about rodent entorhinal modular architecture (Mathisen & Blackstad, 1964;
Slomianka, 1992; Fujimaru & Kosaka, 1996; Witter & Moser, 2006). Thus, in Chapters
4 and 5 we study the modular structure of medial entorhinal cortex and try to interrelate
different types of modules.
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Abstract
The Etruscan shrew, Suncus etruscus, is not only the smallest terrestrial mammal,
but also one of the fastest and most tactile hunters described to date. The shrew’s
skeletal muscle consists entirely of fast-twitch types and lacks slow fibres. Etruscan
shrews detect, overwhelm, and kill insect prey in large numbers in darkness. The cricket
prey is exquisitely mechanosensitive and fast-moving, and is as big as the shrew itself.
Experiments with prey replica show that shape cues are both necessary and sufficient
for evoking attacks. Shrew attacks are whisker guided by motion- and size-invariant
Gestalt-like prey representations. Shrews often attack their prey prior to any signs of
evasive manoeuvres. Shrews whisk at frequencies of approximately 14 Hz and can react
with latencies as short as 25-30 ms to prey movement. The speed of attacks suggests that
shrews identify and classify prey with a single touch. Large parts of the shrew’s brain
respond to vibrissal touch, which is represented in at least four cortical areas comprising
collectively about a third of the cortical volume. Etruscan shrews can enter a torpid state
and reduce their body temperature; we observed that cortical response latencies become
two to three times longer when body temperature drops from 36 ◦C to 24 ◦C, suggesting
that endothermy contributes to the animal’s high-speed sensorimotor performance. We
argue that small size, high-speed behaviour and extreme dependence on touch are not
coincidental, but reflect an evolutionary strategy, in which the metabolic costs of small
body size are outweighed by the advantages of being a short-range high-speed touch and
kill predator.
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2.1 Introduction
2.1.1 (a) Purpose of the review: neurobiology of shrew active touch
The purpose of this review is to summarize our advances on Etruscan shrew active
touch and put them in perspective with other findings on the tactile behaviour of other
mammals. We believe that touch is very much an active sense and while responses to
passive touch have been recorded frequently, they may not reveal all components of
tactile processing. Specifically, we will portray the Etruscan shrew as short-range high-
speed hunter. Shrews tackle a complex task: in darkness they detect, overwhelm and
kill their insect prey, a fast moving target that is almost as big as the shrew itself (figure
2.1a). Crickets are abundant in shrew natural habitats [2] and are nocturnal, highly
mobile animals endowed with a variety of mechanosensitive organs that mediate escape
behaviours [3]. Thus, the behavioural ecology of shrews and crickets predisposes them
towards interacting via sophisticated tactile behaviours.
2.1.2 (b) Sensory implications of small body size
The Etruscan shrew, Suncus etruscus, is not only the smallest shrew, but presumably
also the smallest terrestrial mammal. The adult body mass of individuals caught from
their natural environment ranges from 1.6 to 2.4 g [4]. While many authors have focused
on the metabolic implications of small body size in mammals, few have considered the
sensory implications of body size. Here we argue, however, that such scaling relationships
have important implications for vibrissal touch. Etruscan shrews have a prominent
vibrissae array (figure 2.1b-d). In figure 2.1e, we highlight the scaling relationship of
body and vibrissa length for diverse mammals, which are all thought to be vibrissal
experts. It is obvious that whiskers are relatively longer in smaller mammals; i.e. small
animals have a relatively larger vibrissal sensing volume [1]. It may thus not be surprising
that Etruscan shrews, like rodents, depend primarily on their well-developed array of
mystacial vibrissae for tactile information [5-7]. If whiskers are protracted, the tips of
the whiskers precede the snout by up to 1 cm, which is around a fifth to a third of the
total body length. Etruscan shrew whiskers thus sense a longer distance ahead than in
the rat or mouse. This may be necessary to avoid obstacles as the shrew locomotes very
rapidly [8]. Furthermore, a longer whiskertip to mouth distance may be advantageous
both in the spatial and temporal domain for successful shrew corrective manoeuvres
observed in response to fast prey escape attempts [6,7]. The relatively large sensing
volume scanned by the vibrissae allows the Etruscan shrew to sample more of its direct
surround, which may partly explain why shrews act so fast during prey capture.
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Figure 2.1: The Etruscan shrew and its vibrissal system. (a) An Etruscan shrew
and a field cricket. The cent coin is 16.25 mm in diameter. (b) Frontal view of the
head of a shrew. (c) Etruscan shrew whisker array; the longest shrew macrovibrissae
are ca 12 mm long. The scale shows millimetres. (d) High magnification view of the
microvibrissae surrounding the mouth. (e) Schematics of vibrissal sensing volumes [1]
(grey) and body size in the Etruscan shrew, the rat (middle) and the harbour seal
(bottom). The percentage value refers to the length the longest facial vibrissa and
states the percentage of body length that this whisker reaches.
Shrews have very small eyes [9,10]. It has been suggested that owing to poor development
of the eyes and visual system vision functions merely to discriminate light intensity [11-
13], although in our hands, visual cues appeared to trigger defensive reactions. However,
we never observed any evidence that visual stimuli (i.e. crickets behind a glass screen)
trigger hunting behaviours.
Shrews have very small cochleas with only about 300 sensory hair cells in the smallest
shrews investigated so far [14] and correspondingly small brain areas involved in auditory
sensation [14-16]. As a result of reduced visual and auditory capacities in most shrews,
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olfactory and somatosensory modalities have become a highly-developed and important
part of their sensory repertoire [5,17-19].
Sensory organs and the brain claim high energetic costs (for a review see Niven &
Laughlin [20]). Many sensory modalities such as active whisker touch require muscu-
lar movements, which further increase the energetic costs. Hence, sensory and nervous
systems are subject to two conflicting selective pressures: the need to minimize energy
consumption and to generate adaptive behaviour under changing environmental con-
ditions. More specifically, in sensory systems, there will be a trade-off between the
energetic costs of a sensory structure encoding a particular modality and the amount of
reliable information obtained. Trade-offs may also occur between sensory systems: ani-
mals with a subterranean lifestyle such as the star-nosed mole have a highly developed
mechanosensory modality with sensory specializations and expanded cortical areas at
the expense of reduced vision with minute eyes and a small visual cortical region [21].
Similar trade-offs have been documented in the naked mole rat, which has been shown
to be completely blind and possesses specialized sensory hairs along the body that might
guide its movement within tunnels [22,23].
2.1.3 (c) Metabolic selection pressure for efficient sensorimotor per-
formance
Small body size does not only directly impact on vibrotactile sensing, but it also results
in unique selection pressures on the Etruscan shrew’s hunting behaviour. Because of
their small size and their large surface to volume ratio, Etruscan shrews have an ex-
traordinarily high energy turnover. This presents an extreme challenge to all functions
of the body, including respiration, oxygen transport, muscle parameters, but most im-
portantly here the sensory and neural systems. Only because Etruscan shrews are highly
efficient hunters, are they able to meet these extreme metabolic demands.
Etruscan shrews are usually homoeothermic with a normal body temperature between
34 ◦C and 38 ◦C [4,24]. Etruscan shrews resting at an ambient temperature of 20 ◦C
have a mean body temperature of 34.7±0.5 ◦C [24]. During activity, the mean body
temperature is 2 ◦C - 3 ◦C higher than at rest [24,25]. However, in case of food restric-
tion and at low ambient temperature, they can reduce their body temperature and enter
a torpid state to cut down their resting energy expenditure. Torpor is defined as a state
of decreased physiological activity, usually characterized by a reduced body temperature
and reduced metabolism. In laboratory conditions, daily torpor cycles were observed
with body temperatures lowered to about 12 ◦C, in extreme cases even to 6 ◦C [26,27].
Shrews can warm up from torpor very rapidly at a rate of around 1 ◦C per minute by
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muscle shivering and heat generation from brown adipose tissue [27]. Under normoth-
ermic resting conditions, the specific oxygen consumption rate of S. etruscus is 67 times
higher than in humans. A maximal heart rate of up to 1500 beats per minute exceeds
all values reported for other endothermic animals [4]. This species has the highest mass-
specific metabolic rate of all mammals [28] and thus there is an immense pressure to
obtain prey. Shrews as small as S. etruscus need to ingest food at least every hour and
have to consume up to six times their own body weight of insects every day [29].
Muscles play a major role in the capture and chewing of prey, but S. etruscus requires
fast skeletal muscles not only for locomotion but also for effective heat production and
for an extremely high ventilation rate [28]. Skeletal muscles can contract at up to 780
min−1 for running, up to 3500 min−1 for shivering and up to 900 min−1 for respira-
tion. Both structural and functional properties demonstrate that the Etruscan shrew’s
skeletal muscles are well adapted to fit the needs of this animal’s extreme metabolism;
they lack slow-twitch type I fibres and consist only of fast-twitch IID fibres. The enzy-
matic characteristics of these fibres make them optimally equipped for an almost purely
oxidative metabolism [30].
With a brain mass of about 60 mg, the Etruscan shrew has the smallest mammalian
brain known [31]. In such small brains, axons are typically densely packed, small in
diameter and mostly unmyelinated. Unmyelinated axons have high capacitance per unit
length and are energetically more expensive than myelinated axons [32]. In the tiny
shrew, the estimated metabolic cost for generating an action potential for all white
matter fibres averaged is an order of magnitude higher than in the macaque and 97 per
cent of this cost is accounted for by the unmyelinated axons.
In summary, surface to volume considerations imply that a homoeothermic body temper-
ature is metabolically highly costly. The musculature of Etruscan shrews is specialized
for fast movement, and an increased body temperature might also offer massive advan-
tages in terms of processing speed (see below).
2.1.4 (d) Sensory ecology: Etruscan shrews specialize in a hidden life
in slits
There are more than 300 species of shrews and they share common features, such as
a small body size and prominent whiskers on a pointed snout. Shrews belong to the
order Soricomorpha. Fossil evidence suggests that the earliest mammals were shrew-like
in body size. Their brains were similarly small as those of extant shrews and possibly
afforded similar behavioural capabilities [33,34].
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In Europe, the Etruscan shrew is mainly found in the Mediterranean lowlands and in
Asia in a belt extending between 10 ◦ N and 30 ◦ N [30]. Their habitat includes forest,
shrub and grassland environments [35]. As for many other species in the genus Suncus,
the Etruscan shrew is most likely solitary and territorial, except during the breeding
season [36,37]. Being hunted by predator birds such as owls [38], shrews try to avoid
moving uncovered in the open field, but rather seek shelter under piles of rock, pieces of
bark or other organic material and in tunnels that they dig in loose soil. Often they are
found resting in old dry stone walls, where they also build nests for bringing up their
young. Strikingly agile animals, shrews squeeze their body through tiny holes and they
are able to enter and capture prey in slits as thin as 7 mm.
Shrews are opportunist insectivores and all species consume a wide range of prey. Studies
of the feeding habits of shrews and their prey availability demonstrate that small size
brings benefits as well as costs [39]. The greatest advantages for small shrews are their
lower absolute food requirements and the ability to subsist on small, numerous and
accessible arthropods with high encounter rates, available in different seasons and low-
productivity habitats. Major costs of small size are a reduction in food niche breadth and
prey biomass resulting from restrictions on the type and size of prey eaten, and large
territory requirements with a consequential increase in the energetic cost of foraging
and territory maintenance. Owing to their constant food requirement, shrews have
polyphasic circadian activity patterns with frequent activity bouts distributed evenly
over a period of 24 h [9,35,40-43]. This means that shrews have to be able to successfully
hunt in twilight as well as in darkness. Vision can be furthermore limited in typical
shrew habitats, such as dense brush vegetation or tunnels in stone walls or the soil
[9] and indeed, sight only seems to play a minor role for navigation and prey capture
[6,7,13,44].
When exploring new environments, shrews frequently emit faint, high-pitched laryngeal
calls (twittering) of unclear function [9]. While a few authors claimed that shrews make
use of echolocation [45-48], others found no evidence for this ability [8,19]. A recent
study proposed that shrew-like calls can yield echo scenes useful for habitat assessment
at close range, beyond the range of the shrews’ vibrissae. At the same time, it seems
unlikely that they can make bat-like use of echolocation to search for prey [49]. In
summary, we suggest that the secret life of Etruscan shrews in slits, where they hunt
large and diverse prey, might predispose them to rely on proximal tactile cues.
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2.2 Tactile prey capture behaviour
2.2.1 (a) Tactile hunting of highly mechanosensitive cricket prey
Since the pioneering work of von Uexku¨ll, it is clear that understanding sensory per-
formance of predators requires analysis of the sensory characteristics of their prey [50].
Crickets are found in abundance in the natural habitat of the Etruscan shrew and there-
fore are thought to be an important prey [2]. A cricket can measure up to 35 mm (body
of the Etruscan shrew measures between 35 and 50 mm) and has very long antennae
and prominent jumping legs (figure 2.1a). Crickets are fast moving prey and very ca-
pable of evading attacks. A variety of mechanoreceptors, different kinds of receptors
and mechano sensory sensilla are found in and on the cricket body and appendages, just
as in other insects (e.g. cockroaches, locusts). A cricket shows a range of behavioural
responses to stimulation of its mechanoreceptors, extending from ignoring the stimulus
to altering complex behavioural sequences such as avoidance manoeuvres, orientation
and approach or fighting (see [51,52]). Furthermore, the input from mechanoreceptors
is known to inhibit ongoing behavioural activity, e.g. singing or walking stops when
a predator approaches [53]. While the antennae are versatile head appendages with
the ability to sense the environment up to twice its body length, cerci, the two cau-
dal antenna-like appendages are mainly known to guard the rear of the insect [54-57].
Any defensive or escape behaviour guided by cercal mechanoreceptors depends on their
stimulation [58].
Mechanisms of escape behaviour have been studied intensely [3,59,60]. Wind and touch
stimuli have been used to study defensive (kicking) and escape responses. When a digger
wasp makes contact with the cricket, it first leads to a head stand (sudden raising of the
abdomen), followed by a stilt stand with the further raising and tilted posture, which
is followed by a rapid kick with one hind leg casting the wasp several centimetres away.
The kick is completed in 100 ms after the touch and can also be followed by a second kick
[52,61]. We observed that Etruscan shrews quickly retracted their snout after placing
attacks on crickets, probably to avoid being kicked. The escape response can be a turn,
a jump or both and often is followed by running.
2.2.2 (b) Tactile guidance of prey capture
Anjum et al. [6] studied the hunting behaviour of Etruscan shrews in a laboratory
setting. In these experiments, the spatio-temporal analysis of numerous attacks was
combined with whisker removal and prey manipulation experiments. Etruscan shrews
direct their attacks selectively to the cricket’s thorax and manage to keep this precision
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regardless of the size of the prey (figure 2.2a,b). They attack crickets from the side with
a narrow distribution of attack angles around 90 ◦ relative to the cricket’s body axis.
Although most attacks are directed straight ahead, there is a slight lateralization in the
hunting behaviour towards rightward attacks.
Figure 2.2: Precision and speed of shrew attacks. (a,b) Shrew attacks are selectively
placed on the thorax of crickets. Modified from Anjum et al. [6]. (a) Attack histogram
derived by analysing video sequences (n = 450 shrew attacks on approx. 130 crickets).
(b) Bite mark positions (yellow squares superimposed on a cricket photograph (n =
94 bite marks on 25 freshly killed, immobilized or injured crickets)) and bite mark
histogram. (c-e) Mid-attack change of direction. Modified from Munz et al. [7]. (c)
Still frames from before and at the end of the attack (time lapse between images =
0.23 s) are overlaid. Dots and circles are the head positions of the shrew and cricket,
respectively. Dots and circles are colour-coded for simultaneous head positions of the
shrew and cricket. (d) Head speed of the cricket (top) and shrew (bottom). Note
the 29 ms lapse between the cricket’s speed increase and the shrew’s speed increase.
Black dotted lines represent 0 cm s−1, red-dotted lines represent the thresholds used
to determine the time of speed increase. (e) Average of six such attacks. Black dashed
lines are linear fits to the baseline acceleration prior to the sudden increase in cricket
acceleration (t = 0 ms). Shaded regions represent 1 s.e. The difference in time between
the cricket and the shrew acceleration increase was 27 ms. (e) Brown curve, cricket;
blue curve, shrew.
2.2.2.1 (i) High speed of prey capture
Prey capture occurs very quickly, i.e. in 80-200 ms per attack, with short inter-attack
intervals. While first attacks were distributed relatively broadly over the cricket’s body,
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subsequent attacks were directed more and more precisely to the thorax.
2.2.2.2 (ii) Whisker-dependent shape recognition
Removal experiments showed that both macro- and microvibrissae are required for hunt-
ing [6]. Experiments with dummy prey objects showed that shrews attacked a plastic
replica of a cricket but not other plastic objects of similar size. Altering the shape of
crickets by gluing on additional body parts from donor animals revealed that the jump-
ing legs but not the head are key features in prey recognition. Addition of such ectopic
jumping legs is highly confusing for shrews and leads to dramatic changes in attack
patterns. Thus, tactile shape cues are both necessary and sufficient for evoking attacks.
Both the generalized effects of cricket shape manipulation experiments and character-
istics of corrective manoeuvres indicate that shrew behaviour is guided by Gestalt-like
prey descriptions [6].
2.2.3 (c) Shrew whisking and active touch in prey capture
We recently characterized Etruscan shrew whisking and tactile behaviour during prey
capture [7]. To this end, we combined staged shrew-cricket encounters with whisker
tagging and high-speed videography.
2.2.3.1 (i) Basic characteristics of Etruscan shrew whisking
Like other mammals, such as mice and rats, Etruscan shrews engage in rhythmic back
and forth whisker movements, i.e. whisking. The average power spectrum shows a
very clear peak in the shrew whisking at approximately 14 Hz. This is a considerably
higher whisking frequency than that of rats (approx. 8 Hz), but is similar to mice
[62]. Clearly, shrews employ periodic whisking during their hunting behaviour and the
shrew whiskers are under active muscle control. Compared with rats, shrews had lower
amplitude whisking (approx. 30 ◦ versus approx. 50 ◦ in rats). Interestingly, as in rats,
retraction velocity was almost double protraction velocity.
2.2.3.2 (ii) Whisking during hunting
Etruscan shrew whisking during hunting can be divided into phases: (i) immobile resting
prior to hunting. Prior to hunting shrews often showed very little head or whisker
movement. (ii) Search phase. The search phase is likely induced by the detection of
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prey odors, which can be sensed over longer distances. The beginning of the search
phase was determined by an increase in the head velocity. Concurrent with increased
head motion the whisker set angle increased and whisker motion increased. During the
search phase we often observed highly regular periodic whisking. (iii) Contact phase.
The first whisker-to-cricket contact defined the transition from the search to the contact
phase. This phase was kept very short by the shrew, as crickets tried to escape before
the shrew was able to strike. Following contact, whisking amplitude decreased and
there was a small increase in the whisker set angle. (iv) Attack phase. Attack was
defined by a sudden increase in head acceleration directed towards the cricket. This is
a brief behavioural event with a sharp increase in head acceleration. The shrew’s trunk
dramatically bent during the strike and assumed the shape of a parrot beak.
2.2.3.3 (iii) Mid-flight changes in attack direction indicate short reaction
times
As illustrated in figure 2.2c-e, we found that shrews were able to react to cricket move-
ments during the short duration of the attack. In figure 2.2c, we overlaid video images
taken just before and at the end of an attack. The dots and circles show the head posi-
tions of the cricket and shrew, respectively, during the attack. The dots and circles are
colour coded to show simultaneous shrew and cricket head positions (note that the first
four cricket head positions are nearly identical). In this example, the shrew is initially
moving upward in the video and the cricket is still. When the cricket suddenly jumps
backward, the shrew reacts by adjusting its trajectory. It was found that shrews have a
preferred side when attacking, however the neural basis for this form of ”handedness” is
not known [6]. We estimated the reaction time of the shrew by looking at the time delay
between the cricket’s sudden speed increase, corresponding to its attempted flight, and
the shrew’s increase in head speed as it adjusts its attack. In this example, we found that
it took the shrew only 29 ms to react to the cricket’s escape attempt (figure 2.2d). On
average, the shrew’s increased head acceleration followed the cricket’s sudden accelera-
tion by 27 ms (figure 2.2e). It was previously reported that shrews react to underwater
stimuli with a latency on the order of 20 ms, in good agreement with the values reported
here [19]. Overall, the observations from high-speed videography strongly support the
idea that shrews out-manoeuvre their very large prey by high-speed performance. In-
deed, about 40 per cent of shrew attacks target stationary prey and the first strike often
occurs prior to any evasive manoeuvre [6]. Both short reaction times and short attack
intervals suggest that shrews identify and target their prey with a single touch.
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2.2.4 The shrew somatosensory system
2.2.5 (a) Periphery
The Etruscan shrew’s prominent whisker fan has already been introduced in figure 2.1.
Selective whisker removal experiments demonstrated a functional differentiation of shrew
whiskers in prey capture [6]. The large macrovibrissae (figure 2.1c) were required for
prey targeting, whereas the small microvibrissae around the shrew’s mouth (figure 2.1d)
were necessary for initiating the final strike/bite in attacks. Figure 2.3a shows the left
whiskerpad with the vibrissal follicles clearly visible. The whiskers on each side of an
Etruscan shrew’s snout are arranged in a grid made up of six rows (A to F) and several
arcs. Each row contains six to nine whiskers. In addition, there are three whiskers not
contained in a row or an arc, labelled X, Y and Z. In total, there are more than hundred
vibrissae extending like a fan from the snout of the Etruscan shrew. In larger shrews,
even higher numbers of vibrissae have been described [60,63,64]. Differences between
shrew and rodent vibrissal follicles have been described [63,65,66].
Figure 2.3: Periphery of the Etruscan shrew vibrissal system. (a) Pattern of vibrissal
follicles shown in a flattened preparation showing six rows (A-F). Each row contains
six to nine whiskers. In addition, there are three whiskers not contained in a row or
an arc and labelled X, Y and Z. Scale bar applies to (a) and (b). (b) Ventral view of
the shrew’s brain. The trigeminal nerve is indicated as black arrows and optic nerve as
blue arrows. R, rostral; C, caudal.
Touch signals from the follicles are relayed to the brainstem via the trigeminal nerve.
In the long-clawed shrew (Sorex unguiculatus), which is about 10 times larger than the
Etruscan shrew, each sinus hair follicle is innervated by 60-100 myelinated fibres [61].
The fibres from the sinus hair follicles join to form the maxillary branch of the trigeminal
nerve. The thick trigeminal nerve compared with the much thinner other cranial nerves
gives a stunning impression of the significance of touch information from the facial
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region for the Etruscan shrew. Figure 2.3b shows the trigeminal nerve framed by black
arrows and the optic nerve framed by blue arrows for comparison. The differences in
macromorphology of the sensory cranial nerves are mirrored by the number of sensory
fibres contained in those nerves. In the northern short-tailed shrew (Blarina brevicauda),
there are about 15 000 fibres in the infraorbital part of the trigeminal nerve compared
with less than 500 fibres in the optic nerve [67]. More recently, differences in fibre
distribution were reported for the similarly sized American water shrew (Sorex palustris),
which has about 30 000 axons in the trigeminal nerves, less than 6000 in the optic nerves
and 6000-7000 in the auditory nerves [68]. The most extreme of the small mammals is
probably the star-nosed mole (Condylura cristata)-its touch sensitive appendages are
innervated by about 100 000 myelinated nerve fibres [69].
2.2.6 (b) Cortical organization: anatomy
The Etruscan shrew has the smallest brain of all mammals. Its cerebral cortex is very
thin, only 400 to 500 µm on average [16,70]. As in other mammals, the cortex of the
Etruscan shrew is a cytoarchitectonically heterogeneous sheet of tissue. The presence of
distinct cortical areas is suggested by the fact that different staining methods (Nissl, cy-
tochrome oxidase activity, myelin) indicate the same areal borders. Sensory neocortical
areas could be clearly identified by cytochrome oxidase and myelin staining in coronal
and tangential brain sections. In total, there are about 10-15 cortical areas-a relatively
large number given the small size of the Etruscan shrew cerebral cortex [Chapter 3,
Figure 3.10; 71,72].
We compared volumes of cortical areas of the Etruscan shrew with data for the cerebral
cortex of the rat, which is 100 times larger than in the shrew. We included all areas
of the neocortex, as well as entorhinal and piriform cortex [72,73]. The most striking
difference is that entorhinal cortex and piriform cortex comprise a much larger part of
the cortical mantle in the Etruscan shrew (approx. 42%) than in the rat (approx. 17%).
We recorded neuronal responses to touch stimuli in somatosensory cortex, insular cortex
and perirhinal cortex of the Etruscan shrew (see §2.3c), these areas combined take up
about one-third of the total cortical volume in the Etruscan shrew as well as in the
rat. In the Etruscan shrew auditory and visual cortex comprise only about 2-3% of
the cortical volume, whereas it is four to five times more in the rat. The differences in
relative cortical volumes are mirrored by findings in relative cortical area sizes [74] and
neuron numbers [72]. In summary, the Etruscan shrew devotes a large cortical volume to
somatosensation, whereas visual and auditory processing takes up only small fractions.
The superb tactile capacities are reflected in the anatomy of the shrew cortex.
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2.2.7 (c) Cortical organization: physiology
The neurophysiology of the Etruscan shrew is of interest both because of their small brain
size and their remarkable behavioural capacities. Work on related northern American
shrew species showed that these shrews have fewer sensory cortical areas than many
mammals with larger brains, which include a large primary and secondary somatosensory
cortical area and a primary visual and auditory cortex [15], a pattern in line with the
numerous specializations of insectivores for somatosensation [21]. This means that, while
shrews are likely to have sensory areas for each sensory modality, they have fewer areas
than other species for specific sensory modalities such as vision.
We investigated cortical organization in Etruscan shrews by electrophysiological map-
ping in combination with histological verification of recording sites [16]. We character-
ized cortical multi-unit responses to auditory, visual and somatosensory stimuli. We
found that large parts of shrew cortex (7.3 mm2 of approx. 12 mm2 total neocortical
surface, i.e. approx. 60%) responded to such stimuli (figure 2.4a). The true fraction of
sensory cortex in Etruscan shrews is probably substantially higher, because we did not
test for olfactory and gustatory responses and we could only map three-quarters of the
cortical sheet.
Auditory and visual stimuli activated only small parts of Etruscan shrew cortex (fig-
ure 2.4a). Tactile processing, however, appears to occur in multiple cortical regions.
Large fractions of these somatosensory areas responded to macrovibrissae stimulation.
We identified two topographically organized somatosensory areas with small receptive
fields referred to as putative primary somatosensory cortex (S1) and putative secondary
somatosensory cortex (S2). A third tactile region was located posterior-laterally, where
we observed large somatosensory receptive fields and often polysensory responses. Fur-
thermore, we identified an anterior-lateral region with large unimodal somatosensory
receptive fields. The latter two regions partially overlapped with piriform cortex. Pu-
tative S1 and S2 have relatively small receptive fields. The receptive field size of about
10 whiskers per multi-unit recording site was similar or slightly larger than what has
been measured in other shrew species [15] and larger than most of the receptive field
sizes reported in rodent S1 [75]. It appears probable that putative areas S1 and S2 of
the Etruscan shrew are homologous to these respective areas described in other shrews
and to areas S1 and S2 in rodents. If one compares the Etruscan shrew cortex to that of
other mammals studied thus far, it is clear that this animal is one of the most extreme
tactile specialists studied to date. Only a few animals such as the star-nosed mole [69]
and the naked mole-rat [76] devote a similar fraction of their neocortex to somatosensory
representations.
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Figure 2.4: Etruscan shrew neurophysiology. (a) Physiologically derived map of the
Etruscan shrew cortex. An average map of cortical regions was delineated by electro-
physiological mapping experiments. Dotted areas indicate macrovibrissae responses.
S1, primary somatosensory cortex; S2, secondary somatosensory cortex; V, visual cor-
tex; A, auditory cortex; S, somatosensory; RF, receptive field. (b) Whisker responses
at different shrew body temperatures. Peristimulus time histograms (1 ms bin size) of
multi-unit responses to piezoelectric stimulation (approx. 10 ◦ deflection and approx.
1 ms rise time) of a single whisker (n = 20 trials per temperature). Neuronal responses
were obtained at the same recording site in putative area S1 while the body tempera-
ture of the shrew varied from 36 ◦C (top) to 24 ◦C (bottom). Stimulus onset at time
point 0, duration of the stimulus 200 ms, as indicated below. Right: same data as left,
but zoomed into the time of stimulus onset. Dashed line indicates the time of first
response at 36 ◦C. Note the latency changes with temperatures.
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We also investigated the effects of body temperature on cortical processing. These
experiments were carried out under urethane anaesthesia. In order to minimize the
stress associated with the intraperitoneal urethane injection, animals were first lightly
anaesthetized by isoflurane inhalation. We then injected approx. 45 µl of 4 per cent
urethane solution in water for an adult approximately 2.5 g shrew (a dose of approx.
0.7 mg urethane g−1 body weight). To this end, we made use of the fact that shrews
easily withstand passive cooling during anaesthesia. Their resistance to cooling might be
related to their physiological ability to reduce body temperature and enter a torpid state
(see §2.1c; [26,27]). At a low body temperature of 24 ◦C neuronal response, latencies
to whisker stimulation with a piezoeletric device were long and responses to stimulus
offset were absent (figure 2.4b). With increasing body temperatures, latencies became
faster and the off-response was more prominent (figure 2.4b). Thus, even in a torpid
state with low body temperature, the cortex responds reliably to sensory stimulation,
albeit with longer latencies. The exact reason for the massive increase in response
latency is not yet clear. Both neural (decreased axonal transduction velocity and delays
in synaptic transmission) and biomechanical (changes in tissue/whisker biomechanics
through altered viscous damping or slack) factors could play a role. The available data
suggest that transduction of force is mediated directly by force gated channels in rodents
and occurs at very short latencies (down to 300 µs) [77,78]. Furthermore, the speed of
mechanotransduction appears to be relatively insensitive to temperature [79]. These
considerations point to a neural origin of the increase in response latency.
With their specialized musculature and their extraordinarily high content in brown adi-
pose tissue, Etruscan shrews possess effective mechanisms for thermogenesis, which allow
them to heat up very quickly. During activity, body temperature can climb to 38 ◦C. For
a non-mammalian insect-hunting species, the diurnal basking lizard Lacerta vivipara,
it was shown that maintaining high body temperatures of 30 ◦C-36 ◦C increased preda-
tory efficiency [80]. Thus, homeothermy might offer the shrew considerable temporal
advantage over its poikilothermic prey, which operates at lower temperatures.
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2.3 Discussion
Comparing shrew touch to tactile sensing in other mammals, we find both similarities
and striking differences. Human haptic sensing (reviewed in this volume by Klatzky
& Lederman [81]) is similar in that it also extracts shape information from touch. A
striking difference is the speed of performance, which is slow (compared with vision)
in the human haptic system, because it relies on the serial/gradual scanning of objects
with fingertips [81]. This is very different from vibrissal touch, in which global stimulus
features appear to be extracted in a single whisker sweep. Shrew whisker touch is
breathtakingly fast such that prey capture movies need to be slowed down several-fold
to be accessible for visual analysis. Two factors might contribute to this difference in
speed. First, sensing volume [1] is-compared to body size-large for shrew whiskers, but
relatively small for fingertips. Second ecological constraints on tactile sensing are very
different in shrews and humans. Shrews use whiskers to hunt fast moving prey, which
is not the case for human finger use. The Etruscan shrew’s tactile prey recognition
shares characteristics of human visual object recognition [6]: (i) it is size invariant,
(ii) motion-invariant, (iii) it is based on Gestalt-like prey descriptions. We refer to
prey sensing in shrews as Gestalt-like, because they do seem to analyse prey not in a
piecewise fashion, but instead seem to form a global construct of what a cricket is like.
As a consequence, ’local’ manipulations of prey shape such as the addition of another
pair of jumping legs can have ’global’ effects and result in changes of most shrew attacks
on such manipulated prey. It is not yet known why shrews rely on such Gestalt-like prey
descriptions. We argue that Gestalt-like prey descriptions help them in directing prey
capture manoeuvres, where local information, such as a contact with the abdomen can be
used to steer an attack towards the thorax. Furthermore, Gestalt-like prey descriptions
might help in generalizing across prey shapes and sizes, an obvious advantage given the
diverse prey that shrews hunt in their habitats.
Touch in the star-nosed mole, another highly tactile insectivore species, is reviewed by
Catania [82]. Similar to shrews, star-nosed moles appear to be specialized to handle
prey very quickly. Different from Etruscan shrews, however, the star-nosed mole touch
seems to be specialized for handling a large number of small (simple) prey items rather
than to focus on sophisticated attack manoeuvres and the capturing and sensing of large
prey [76].
Overall, we find that the Etruscan shrew is not only one of the smallest mammals,
but also one of the fastest and most tactile mammalian hunters. These three features
(small size, high-speed and extreme dependence on touch) of prey capture are hardly
coincidental. Instead, we argue that the shrew has responded to the strong selection
pressures associated with the metabolic costs of being a small mammal by taking full
2 The Neurobiology of Etruscan Shrew Active Touch 31
advantage of the added speed that endothermy permits. It also takes advantage of the
fact that the relative vibrissal sensing volumes seem to be inversely related to body size
and the very fast transduction via mechano-gated channels [77,78] in the somatosensory
system.
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Abstract
The Etruscan shrew, Suncus etruscus, is one of the smallest mammals. Etruscan shrews
can recognize prey shape with amazing speed and accuracy, based on whisker-mediated
tactile cues. Because of its small size quantitative analysis of the Etruscan shrew cortex
is more tractable than in other animals. To quantitatively assess the anatomy of the Etr-
uscan shrew’s brain we sectioned brains and applied Nissl staining and NeuN (neuronal
nuclei) antibody staining. On basis of these stains we estimated the number of neurons
of ten cortical hemispheres using Stereoinvestigator and Neurolucida (MBF Bioscience)
software. On average the neuron number per hemisphere was found to be ≈ 1 million.
We also measured cortical surface area and found an average of 11.1 mm2 (n = 7) and an
average volume of 5.3 mm3 (n = 10) per hemisphere. We identified 13 cortical regions
by cytoarchitectonic boundaries in coronal, sagittal, and tangential sections processed
for Nissl substance, myelin, cytochrome oxidase, ionic zinc, neurofilaments and vesicular
glutamate transporter 2 (VGluT2). The Etruscan shrew is a highly tactile animal with
a large somatosensory cortex, which contains a barrel field, but barrels are much less
clearly defined than in rodents. The anatomically derived cortical partitioning scheme
roughly corresponds to physiologically derived maps of neocortical sensory areas.
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3.1 Introduction
The Etruscan shrew (Suncus etruscus) is one of the smallest mammals weighing only
≈2 g. Its small body size goes along with (relative to its body size) immense metabolic
demands (Vogel, 1974; Ju¨rgens et al., 1996). Etruscan shrews have amazing prey capture
abilities allowing them to overwhelm large fast-moving prey. Prey capture is whisker-
dependent and based on tactile shape cues. Prey representations are motion- and size-
invariant and cricket shape manipulation experiments indicate that shrew behavior is
guided by Gestalt-like schemes of prey. Thus, tactile object recognition in Etruscan
shrews shares characteristics of human visual object recognition (Anjum et al., 2006),
but as in other shrews (Catania et al., 2008) recognition proceeds much faster.
Shrews form the family of Soricidae within the order of Soricomorpha (“shrew-form”)
(Wilson and Reeder, 2005). There are more than 300 species of shrews; all of them
are small, most no more than mouse size. The Etruscan shrew is the smallest shrew
and belongs to the subfamily of Crocidurinae (white-toothed shrews). Though out-
dated (Wilson and Reeder, 2005), the term “insectivore” is still useful to refer to the
order encompassing shrews, moles, and hedgehogs due to their similarities in brain size,
structure, and scaling (Sarko et al., 2009).
The cytoarchitecture of the cerebral cortex of various shrews was described by Rose
(1912), Ryzen and Campbell (1955), and Rehka¨mper (1981). These authors observed
that the shrew cortex is less well differentiated than that of larger mammals and that
there are only few neocortical areas. Catania (2005) confirmed the previous cytoarchi-
tectonic observations with cytochrome oxidase histochemistry and could show that there
are only four sensory areas in the neocortex of the masked shrew (Sorex cinereus), which
are immediately adjacent to each other.
Among all mammals, the Etruscan shrew has the smallest brain and the smallest neo-
cortex (Fons et al., 1984; Stephan et al., 1984; Stephan et al., 1991; Baron et al., 1996).
Despite the diminutive absolute size of its brain structures, the Etruscan shrew has a
higher relative brain size and higher ratio of neocortex to paleocortex volume (neocorti-
calization index) than a few other mammals like the Madagascan lesser hedgehog tenrec,
Echinops telfairi (Stephan et al., 1991; Morawski et al., 2010).
The scaling of neuron number in mammalian brains is an active research topic with
diverging conclusions. Earlier studies have emphasized the uniformity of neuron num-
ber below a certain surface area across cortical areas and species (Rockel et al. 1980).
More recent work has questioned this conclusion and it was proposed that there is no
general rule relating brain volumes and the number of neural elements for all mam-
mals (Herculano-Houzel, 2009). Instead, each order of mammals has a different neuron
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Aud Auditory Cortex
Cing Cingulate Cortex
Ent Entorhinal Cortex
Fm Frontal Medial Cortex
Fr Frontal Rostral Cortex
Ins Insular Cortex
Per Perirhinal Cortex
Pir Piriform Cortex
Pm Parietal Medial Cortex
Rsp Retrosplenial Cortex
Som Somatosensory Cortex
Tm Temporal Medial Cortex
Vis Visual Cortex
CO Cytochrome oxidase
NeuN Neuronal Nuclei
NF Neurofilament
VGluT2 Vesicular Glutamate Transporter 2
Table 3.1: Abbreviations.
number to volume relationship (Herculano-Houzel et al., 2006; Herculano-Houzel et al.,
2007). Sarko et al. (2009) showed that the insectivore cortex scales similar to that of
the rodent cortex in that larger cortices contain fewer neurons than expected from a
linearly scaled up small insectivore cortex. Stolzenburg et al. (1989) counted neurons
in vertical columns through somatosensory cortex of the Etruscan shrew and other in-
sectivores and found that there is an inverse relationship between neuronal density and
cortex thickness. Collins et al. (2010) mapped varying neuronal densities across the
entire cerebral cortex in their study of different primate species.
In this study we aim to estimate neuron number across all regions of Etruscan shrew
cortex using a stereological approach which is more easily combined with classical stud-
ies of cytoarchitecture and chemoarchitecture. To this end, we first describe the physical
characteristics of the Etruscan shrew brain. Second, we derive a cytoarchitectonic parti-
tioning scheme of the Etruscan shrew cortex by using histochemical (cytochrome oxidase,
myelin, ionic zinc) and immunohistochemical markers (neurofilaments, vesicular gluta-
mate transporter 2 [VGluT2]). Third, we used stereological methods to estimate neuron
numbers in identified cortical regions and the entire Etruscan shrew cortex. Finally, we
discuss our results in the context of recent electrophysiological mapping experiments on
Etruscan shrews’ cerebral cortex (Roth-Alpermann et al., 2010), to address the question
of mammalian cortical scaling.
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3.2 Materials and Methods
3.2.1 Animals and tissue
In this study we included 25 Etruscan shrews (Suncus etruscus). We used 10 female and
11 male animals; for 4 animals sex was not known. All experimental procedures were
performed according to German guidelines on animal welfare under the supervision of
local ethics committees. Shrews were housed in terraria containing a layer of dry soil,
moss, stones, pieces of wood, and broken flowerpots. The diet consisted of crickets,
mealworms, and water ad libitum. Breeding terraria contained a large block of plaster
containing a system of tunnels and potential breeding chambers (see Anjum et al. 2006
for details).
All animals were euthanized by an overdose of isoflurane. The animals were perfused
transcardially with 0.9 % saline followed by 4 % paraformaldehyde in 0.1 M phosphate
buffer (PB). For zinc histochemistry animals were perfused in sequence, with saline,
saline containing 0.1% sodium sulfide and 4% paraformaldehyde in 0.1 M PB. The
brains were removed from the skull and postfixed overnight in 4 % paraformaldehyde in
0.1 M PB. The hemispheres were immersed in 30 % sucrose solution for cryoprotection
until they sank to the bottom of the vial. Eighteen brains were embedded in a mixture
of egg yolk and 30 % sucrose supplemented by 0.75 ml glutaraldehyde and mounted on
a cryostat (Leica 2035 Biocut) to obtain 30- or 40-µm-thick coronal (11), sagittal (1),
or tangential sections parallel to the pia (6).
Thirteen brains were used for quantitative studies. Seven brains from this group were
used for counting neurons, surface area, and volumes and measuring brain weight. For
two of these brains data on brain weight were not available. To assess brain weights
more precisely, we weighed another six brains, adding up to a total of 11 brain weight
measurements. In three of the seven brains used for counting we estimated neuron
number and volume for both hemispheres, for a total of ten measurements (Table 3.3).
The neuron number of individual cortical regions was estimated in three brains. The
seven brains used for counting were stained for the following markers: NeuN (one),
alternating for Nissl substance, myelin, and cytochrome oxidase (three), and only for
Nissl substance (three).
One brain was not perfused and is shown in Figure 3.1. Additionally, 11 brains were used
for cytoarchitectonic and histochemical studies. Five brains of this group were stained
for immunohistochemical markers (one for neurofilaments, and four for VGluT2). The
other six brains were stained for cytochrome oxidase (two), myelin (one), and synaptic
zinc (three).
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3.2.2 Histochemistry
Sections were processed for Nissl substance, cytochrome oxidase (Wong-Riley, 1979),
myelin, and synaptic zinc. For the myelin staining a variation of the gold-chloride pro-
tocol was used (Schmued, 1990). Briefly, free-floating cryostat sections were incubated
for 2-4 hours in a 0.1 % solution of gold chloride in 0.02 M PB, pH 7.4, and 0.9 %
sodium chloride. After staining, sections were rinsed for 5 min, fixed for 5 min in a
2.5 % solution of sodium thiosulfate, and rinsed again for 30 min before mounting with
Mowiol. After perfusion with a solution containing sodium sulfide, brain sections to
be stained for synaptic zinc were washed thoroughly with 0.1 M PB, followed by 0.01
M PB. For the visualisation of synaptic zinc, sections were developed as described by
Danscher (1981). In brief, sections were exposed to a solution containing gum arabic,
citrate buffer, hydroquinone and silver lactate for 60-120 minutes, in the dark at room
temperature. Development of reaction products was checked under a microscope and
terminated by rinsing the sections in 0.01 M PB and, subsequently, several times in 0.1
M PB (Ichinohe and Rockland, 2004).
3.2.3 Immunohistochemistry / antibody characterization
One series of tangential sections was stained for neurofilaments with Anti-Neurofilament
160/200 antibodies (NF-200). This purified monoclonal (Clone RMdO20) antibody
(Sigma-Aldrich, Catalog Nr. N2912) which we used at a dilution of 1:1,000 was raised
against purified mid-size rat neurofilament (NF-M) subunit. It recognizes mainly the
non-phosphorylated form of NF-M and NF-H, NF-M/H, ≈160 and 200 kDa (manufac-
turer’s technical information). Staining of sections through the cerebral cortex produced
a pattern of neurofilament staining reminiscent of previous descriptions in other species
(Boire et al., 2005; Wong and Kaas 2008).
One series of coronal sections was stained for neuronal nuclei with mouse anti-neuronal
nuclei I (NeuN) antibody. This purified monoclonal (Clone A60) antibody (Chemicon,
Catalog Nr. MAB377, Lot Nr. LV1427917) which we used at a dilution of 1:1,000
was raised against purified cell nuclei from mouse brain. A previous lot of this anti-
body recognized two-three bands in the 46-48 kDa range and possibly another band
at approximately 66 kDa (manufacturer’s technical information). Staining of sections
through the cerebral cortex produced a pattern of neuronal nuclei as expected from
previous descriptions (Lind et al., 2005).
One series of sagittal sections, two series of coronal sections (alternating with cytochrome
oxidase staining), and one series of tangential sections were stained for VGluT2 with
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mouse anti-vesicular glutatamate transporter 2 (VGluT2) antibody. This purified mono-
clonal antibody (Chemicon, Catalog Nr. MAB5504, Lot Nr. LV1761053) which we used
at a dilution of 1:1,000 was raised against the full-sequence recombinant rat VGluT2
protein. VGluT2 is a marker thalamocortical projections to sensory cortex (Fujiyama
et al., 2001) and the staining pattern in cerebral cortex corresponds to what would be
expected from previous studies using this antibody in other species (Wong and Kaas,
2008) and previous studies of thalamocortical projections in insectivores (Ebner, 1969;
Valverde et al., 1986).
Sections were processed for NeuN and NF-200 and VGluT2 according to the protocol
described in Wong and Kaas (2008). Briefly, sections were incubated in a blocker of 0.1
M phosphate-buffered saline (PBS), pH 7.2, with 0.5 % Triton X-100 and 5 % normal
horse serum for 1 hour at room temperature before incubation in their respective primary
antibodies (see description in text and Table 3.2) in the blocker for 48 hours at 4 ◦C.
After rinsing, the sections were incubated in the blocker containing biotinylated horse
anti-mouse/anti rabbit IgG (Vector, Burlingame, Catalog Nr. BA-1400, Lot Nr. U0417,
produced in horse; 1:200) for 90 min at room temperature followed by ABC incubation
(one drop each of reagent A and B per 7 ml of 0.1 M PB, pH 7.2; ABC kits, Vector,
Burlingame) for 90 min, also at room temperature. Immunoreactivity was visualized by
developing sections with diaminobenzidine histochemistry.
3.2.4 Light microscopy and anatomical reconstruction
Cortical region boundaries were detected by laminar and cell density changes in the sec-
tions that were processed for Nissl substance and a variety of histochemical markers. To
distinguish cortical regions, Nissl sections were examined for absolute thickness of the
cortex, thickness of the cortical layers, cell density in one or several layers, and cell size
and shape. Histochemical stains were evaluated for staining pattern and intensity. In
general, the different histological procedures revealed almost identical boundaries. Pro-
cessed sections were viewed with StereoInvestigator software (MBF Bioscience, Willis-
ton, VT) employing an Olympus (Tokyo, Japan) BX51 microscope with an MBFCX9000
camera (MBF Bioscience) mounted on the microscope. The microscope was equipped
with a motorized stage (LUDL Electronics, Hawthorne, NY) and a z-encoder (Heiden-
hain, Schaumburg, IL). StereoInvestigator software was used for stereological procedures
and acquiring images. Digitized images were adjusted for brightness and contrast by us-
ing Adobe Photoshop (Adobe Systems, San Jose, CA), but they were not otherwise
altered.
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Name Species
Catalog
No., Lot
No.
Immunogen Supplier Dilution Specificity
Anti-
Neurofila-
ment
160/200
Mouse,
mono-
clonal
(Clone
RMdO20)
N2912,
035K4754
purified
mid-size
rat neuro-
filament
(NF-M)
subunit
Sigma-
Aldrich,
St.
Louis,
MO
1:1000 Manufacturer
Anti-
NeuN
Mouse,
mono-
clonal
(Clone
A60)
MAB377,
LV1427917
purified
cell nu-
clei from
mouse
brain
Chemicon
(now
part of
Milli-
pore,
Billerica,
MA)
1:1000 Manufacturer
Anti-
VGluT2
Mouse,
mono-
clonal
(Clone
8G9.2)
MAB5504,
LV1761053
full-
sequence
recombi-
nant rat
VGluT2
protein
Chemicon 1:1000 Manufacturer
Table 3.2: Primary Antibodies Used in this Study
3.2.5 Stereology
In our analysis of total neuron numbers we included the entire neocortex and the entorhi-
nal and piriform cortices. For analysis of individual cortical regions the neocortex was
further subdivided into 11 regions plus the entorhinal and the piriform cortex. Cortical
regions were identified and outlined at low magnifications. Neurons were identified in
Nissl stained sections by their shape and staining intensity, two hemispheres stained for
NeuN were included to control for misclassification of neurons in Nissl stained sections.
Cortical neurons were individually counted using StereoInvestigator software on available
Nissl-stained sections using high power magnification in 15-20 sections per hemisphere
(Table 3.3). We employed a standard stereological sampling scheme called the optical
fractionator method which is independent of volume measurements and shrinkage since
the number of neurons is estimated directly without referring to neuron densities. The
optical fractionator technique is performed by counting nucleoli in a known fraction of
the entire region of interest. Optical disectors are randomly placed on a series of sec-
tions and used to count the number of particles (nucleoli) which come into focus and
fall within the acceptance lines of the disector (Howard and Reed, 2005; West and Gun-
dersen, 1990; West et al., 1991). This technique is the most commonly used unbiased
estimation method partly because tissue shrinkage should not affect the total estimates.
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Specimen ID Hemisphere Sex
Cut section
thickness
(µm)
Evaluated
series
No. of cortex
sections eval-
uated
Sh1 U U 30 1:5 18
Sh2 L U 30 1:5 20
Sh2 R U 30 1:5 20
Sh3 L U 30 1:6 15
Sh3 R U 30 1:6 15
NeuN L U 30 1:6 16
NeuN R U 30 1:6 16
Sh180 L F 40 1:6 15
Sh293 L M 40 1:6 15
Sh294 R M 40 1:6 15
Table 3.3: Characteristics of the 10 Etruscan Shrews Analyzed. U, unknown; L, left;
r, right.
We used 10x10, 15x15, and 20x20 µm2 counting frames. With these frames we counted
on average 0.58 - 2.67 neurons per frame. The counting frame of 15x15 µm2 size allowed
counting on average between 1 and 2 neurons per counting frame which is considered
optimal for this counting procedure (Howard and Reed, 2005). More than 400 neurons
were counted for assessing the total number of neurons in each cerebral hemisphere. For
counting of individual regions, approximately 200 (Howard and Reed, 2005) neurons
were counted on average in an area of interest (mean 186).
In seven hemispheres sectioned coronally at 30 µm thickness and stained for Nissl sub-
stance (five) and NeuN (two) we estimated the total number of neurons. The cortex
was contained in on average 120 sections, 1/5 or 1/6 of which were chosen by systematic
random sampling. We used square counting frames of 10 µm or 20 µm side length and
square sampling grids of 150 µm to 300 µm side lengths, resulting in an area sampling
fraction of 1/225. The thickness of the mounted sections was measured in advance and
found to be not less than 8-10 µm. A guard zone of 1 µm above and below the counting
volume was used. Guard zones are regions in the z-axis that form the upper and lower
boundaries for the counting volume, neurons falling within these zones are not counted.
The thickness sampling fraction was therefore 3/4 or 4/5.
For estimating the number of neurons in individual regions of the cortex we used 3
additional hemispheres cut into 40-µm-thick coronal sections stained alternatingly for
Nissl substance, cytochrome oxidase and myelin. Cytochrome oxidase staining allowed to
identify sensory cortex. Myelin staining additionally helped to map piriform, entorhinal,
and frontal rostral cortex. Other regions of cortex were identified by cytoarchitecture and
absence of cytochrome oxidase or myelin staining. The cortex was represented on average
on 90 sections, 1/6 of which were chosen by systematic random sampling. We used a
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sampling grid of 100 µm side length, resulting in an area sampling fraction of 9/400. The
mounted thickness was not less than 25 µm, so a guard zone of 5 µm above and below
the counting volume with a height of 15 µm could be used. The thickness sampling
fraction was therefore 3/5. The coefficient of error (CE) was calculated according to
Gundersen et al. (1999).
We measured neocortical thickness perpendicular to the surface of three brains in Nissl-
stained coronal sections of three brains in 498 positions. We took three measurements at
each site perpendicular to surface and recorded the mean value. Mean cortical thickness
for three animals was not significantly different; therefore measurements were aligned at
the intersection of the midline and the line separating the olfactory bulbs from cortex.
The measurements were plotted onto a grid with a field size of 120 x 120 µm and spatially
filtered with a Gaussian kernel. In a fraction of these sites (186) we additionally measured
the thickness of cortical layer 1. For total thickness, we provide raw data uncorrected for
shrinkage (in the x-y plane) due to histological processing. Layer 1 thickness is given as
relative percentage, which should be less affected by shrinkage effects. For each position
we noted the cortical region. The plane of a coronal section is often close to a true
perpendicular section but this is not accurate in the frontal and occipital poles of the
cortex (Braitenberg and Schu¨z, 1998). Therefore measurements of thickness in these
regions will be less accurate. The cortical surface was measured by drawing lines along
the extent of layer 2 of the cortex. The sum of all these lines was multiplied by the
section thickness and divided by the section sampling fraction to arrive at an estimate
for the cortical surface area. The volume was measured using the Cavalieri estimator
associated with the optical fractionator counting procedure.
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3.3 Results
3.3.1 Macroscopic characteristics of the Etruscan shrew brain
Etruscan shrews have a lissencephalic brain. The cortex covers the dorsal and lateral
surface of the brain but not the cerebellum and the colliculi (Fig. 3.1A; Stephan, 1956;
Stephan et al, 1991). The brain is remarkably small, with an overall brain weight of
only 64.4 ± 5.2 mg (n = 11 brains). Per hemisphere we measured a surface area of
11.1 ± 2.3 mm2 (n = 7 hemispheres) and a cortical volume of 5.3 ± 1.4 mm3 (n = 10
hemispheres).
Figure 3.1: The Etruscan shrew brain and cortical thickness. (A) Dorsal view of
the Etruscan shrew brain. Black lines outline major brain regions, from left to right:
olfactory bulbs (OB), cerebral cortex, superior colliculus (SC), cerebellum (CB), and
brainstem (BS). Some parts of the cerebellum and the brain stem seen in the line
drawing are not visible on the photograph as they are usually lost in the preparation
of the brain from the skull. R = rostral. C = caudal. (B) Dorsal view of the left
hemisphere, showing the thickness of the cortex at each point. Lower inset: the red
area indicates the location of the section shown. Right inset: the color code indicates
the thickness of the neocortex measured perpendicular to the surface in µm, from blue
(thin) to red (thick).
We measured the thickness of the cortex in Nissl stained sections of three shrews (Sh293,
Sh294, Sh180) at 498 locations (Fig. 3.1B, Table 3.5). The mean of all measurements is
435 µm, with a standard deviation of 159 µm (not corrected for shrinkage). The cortex
is especially thick in piriform cortex (mean = 586 µm) and very thin in posterior parts
of cortex for example in visual cortex (mean = 310 µm). We find that in neocortical
sensory areas, the cortex is often thicker than in neighboring regions. In 186 locations
we also measured the extent of cortical layer 1. On average layer 1 takes up 26 % of the
cortical thickness. There is large variability of relative layer 1 extent for different cortical
regions (Table 3.5). Layer 1 is relatively thin in sensory neocortex (e.g. somatosensory
cortex, 21 %). In lateral parts of cortex (e.g. piriform cortex, 31 %) layer 1 is relatively
wider compared to medial parts (e.g. cingulate cortex, 21 %).
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3.3.2 General remarks on the cortical architecture of the Etruscan
shrew
As in other mammals the cortex of the Etruscan shrew is a cytoarchitectonically het-
erogeneous sheet of tissue. The presence of distinct subdivision of cortex is suggested
by the fact that different staining methods (Nissl, cytochrome oxidase activity, myelin,
VGluT2, synaptic zinc) indicate the same borders (see below). As shown previously
(Rose, 1912; Rehka¨mper, 1981), we found that layer 1 of the cortex of the Etruscan
shrew is very thick relative to the total thickness of the cortex. Also, layer 2 is always
easy to distinguish from other layers in Nissl stainings. It is very thin and contains a
high density of darkly stained neurons. This has been called the “accentuated layer 2”
and is found in a variety of mammals including bats, shrews, hedgehogs, and marsu-
pials (Sanides, 1972; Ferrer, 1986). Layer 4 is best defined by the staining pattern of
cytochrome oxidase, VGluT2, and the absence of staining for synaptic zinc. The deeper
layers are easier to define in Nissl stainings but also do not show clear sublayers. In
layer 5 no giant pyramidal cells could be found - presumably shrews have only a very
small motor cortex (Nudo and Masterton, 1990). Cytochrome oxidase did not stain any
allocortical region strongly.
It was much easier to identify non-neocortical regions by cytoarchitecture. They share
more cytoarchitectonic features with cortices of well-studied animals like mice than the
neocortical areas. In Nissl stained sections the entorhinal and piriform cortex stand out
by their characteristic cytoarchitectonic pattern. VGluT2 immunoreactivity marks tha-
lamocortical axon terminals (Fujiyama et al., 2001). Therefore it is expressed primarily
in layer 4 of neocortical primary sensory areas but also in the frontal rostral cortex and
entorhinal cortex. Staining for synaptic zinc reveals the distribution of unbound ionic
zinc contained in synaptic vesicles in the brain (Danscher, 1981). Zinc is present in
synaptic vesicles of corticocortical neuron terminations but absent in terminations of
thalamocortical projection neurons (Wong and Kaas, 2008). For example, staining for
synaptic zinc is most pronounced in perirhinal and insular cortex but absent in layer 4
of sensory neocortex and frontal rostral cortex. The histological evidence provided in
the following paragraphs was used to identify cortical regions for further quantitative
study of the entire cortical sheet.
3.3.3 Overview of sensory and frontal cortices in tangential sections
Tangential sections stained for cytochrome oxidase (Fig. 3.2A), neurofilaments (Fig.
3.2B), synaptic zinc (Fig. 3.2C), and myelin (Fig. 3.2D) allow for a basic subdivision of
the cerebral cortex. They show a similar arrangement of sensory neocortical and frontal
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regions. Staining for synaptic zinc allows to locate further cortical regions, e.g. perirhinal
cortex is very dark compared to neighboring regions (Fig. 3.2C). The frontal pole of the
cortex contains one region staining strongly for cytochrome oxidase, neurofilament, and
myelin (Figs. 3.2A, 3.2B, 3.2D): the frontal rostral cortex. This region likely receives
thalamic afferents (absence of zinc staining in middle layers) and probably corresponds
to ventral orbitofrontal cortex. In other shrews (Catania et al., 1999), hedgehogs (Kaas
et al., 1970), and opossums (Wong and Kaas, 2009) there is an area staining strongly
for cytochrome oxidase or myelin in a similar frontal position. The frontal medial cortex
stains only weakly for cytochrome oxidase (Fig. 3.2A), neurofilaments (Fig. 3.2B), and
myelin (Fig. 3.2D). It is in between frontal rostral cortex and somatosensory cortex
(Fig. 3.2C).
The largest stained area in Figure 3.2A in the center of the cortex is most likely the
somatosensory cortex. The two smaller areas caudal to somatosensory cortex have been
tentatively identified as the auditory and visual cortical areas. The auditory cortex forms
an almost round stained area posterior to the somatosensory cortex. It stains strongly
for cytochrome oxidase (Fig. 3.2A) and neurofilaments (Fig. 3.2B). The border between
the somatosensory and auditory areas is difficult to define in tangential sections. The
visual cortex forms a thin stripe extending in rostro-caudal direction in the caudal part
of the cortex. It stains strongly for cytochrome oxidase (Fig. 3.2A) and neurofilaments
(Fig. 3.2B). Both visual and auditory cortex lack staining for synaptic zinc compared
to neighboring regions (Fig. 3.2C).
3.3.4 Borders of sensory cortical areas
Medial to somatosensory cortex is a smaller area we termed parietal medial cortex. This
region stains less strong for myelin (Fig. 3.3A) and cytochrome oxidase (Fig. 3.3B).
Layer 1 is wider, and layer 2 is more densely packed in parietal medial cortex (Fig.
3.3C). Posterior to this cortical region, the somatosensory cortex is at one point very
close to visual cortex, as shown by VGluT2-staining in Figure 3.3D. Nissl staining shows
an increase in layer 1 thickness in the transition from somatosensory cortex to visual
cortex (Fig. 3.3E). The somatosensory cortex is the region with the thinnest layer 1 (21
% relative thickness). At the lateral border of somatosensory cortex, myelin staining
almost completely disappears (Fig. 3.3F). This is the border to insular cortex. In insular
cortex, layer 1 increases in thickness from medial to lateral, whereas the appearance of
layer 2 does not change dramatically (Fig. 3.3G).
The auditory and visual cortex are separated by a region we termed temporal medial cor-
tex. Auditory cortex and visual cortex show strong staining for myelin and cytochrome
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Figure 3.2: Flatmount preparation, stained for cytochrome oxidase activity, neurofil-
aments (NF-200), synaptic zinc and myelin. Sections of flattened cortex processed for
(A) cytochrome oxidase, (B) NF-200, (C) synaptic zinc, and (D) myelin to reveal the
subdivisions of cortex. Inset in (C): the red area indicates the location of the tangential
section shown in (A), (B), and (C). Inset in (D): the red area indicates the location of
the tangential section shown in (D). We indicate the location of cortical regions if they
can be differentiated from neighboring regions. In (A) and (B) the large, dark staining
region in the central part of the cortex contains the somatosensory area. Just medial
to the somatosensory area, a small stripe of cortex is located in an area appropriate for
the visual cortex. Caudal to the somatosensory area, a round spot of dark tissue marks
the extent of auditory cortex. The scale bar in panel (B) also applies to (A) and (C).
R = rostral. C = caudal. L = lateral. M = medial. For other abbreviations, see list.
Scale bar in A = 500 µmm (applies to AC); 200 µmm in D.
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oxidase whereas temporal medial cortex does not (Figs. 3.3H, 3.3I). In posterior sensory
cortex the area stained for cytochrome oxidase appears to reach the cell dense layer 2
(Fig. 3.3I), therefore it is often difficult to distinguish layer 3 and 4. Layer 1 is rel-
atively thin and layer 2 less densely packed with cells in the sensory cortex compared
to temporal medial cortex (Fig. 3.3J). Also, we did not find subdivisions of layer 4 in
visual cortex (Fig. 3.3J). Staining for synaptic zinc shows the sensory areas by their
lack of staining in layer 4 (Fig. 3.3K). The lateral border of auditory cortex is formed
by perirhinal cortex, which shows a much stronger staining for synaptic zinc throughout
all layers (Fig. 3.3K).
3.3.5 Somatosensory cortex of the Etruscan shrew
The center of somatosensory cortex shows a weakly inhomogeneous, patchy cytochrome
oxidase, VGluT2, and synaptic zinc staining compared to more lateral and medial parts
of somatosensory cortex (Fig. 3.4A, 3.4B, 3.4C). This is reflected by the staining pattern
in coronal sections (Fig. 3.4D, 3.4E, 3.4F) but is different from the clear structural ar-
rangement of the barrel cortex of rodents. According to our electrophysiological mapping
experiments (Roth-Alpermann et al., 2010) these parts correspond to the whisker rep-
resentation of the somatosensory cortex. We suggest it is highly likely that the patches
weakly visible in Figs. 3.4D, 3.4E correspond to ’barrels’ (patches of cells preferentially
representing one whisker), but that these ’barrels’ are much less clearly defined than in
rodents.
3.3.6 Cytoarchitectonics of anterior regions
We defined sensory cortical areas and their borders on the basis of a combination of
markers and stains. We first present the cytoarchitectonics of the anterior cortex (Fig.
3.5A-C). Some regions of cortex are often defined by a lack of a certain marker like cy-
tochrome oxidase compared to their neighboring regions or by a specific type of cytoar-
chitecture. For example, piriform cortex is characterized by its three-layer architecture,
wide layer 1, and densely packed layer 2 (Fig. 3.5C), as in the cortex of the mouse. Its
layer 1 is split into an outer part, which is crossed by myelinated fibers (Fig. 3.5A) and
stains strongly for cytochrome oxidase (Fig. 3.5B) and an inner part, which does not
share these features. Piriform cortex is located on the lateral wall of the cortical mantle
and spans more than half of the rostro-caudal extent of the cortex (Fig. 3.2C). The
piriform cortex is very thick compared to other regions. Its relative layer 1 thickness (33
%) is among the highest in the shrew cortex.
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Figure 3.3: High magnification views of different borders of sensory cortical areas.
Borders of sensory cortical areas visualized in coronal sections stained for Nissl, cy-
tochrome oxidase activity, myelin, VGluT2, and synaptic zinc. Border of somatosen-
sory cortex and parietal medial cortex shown by staining for myelin (A), cytochrome
oxidase (B), and Nissl substance (C). Border of somatosensory cortex and visual cortex
shown by staining for VGluT2 (D) and Nissl substance (E). Border of somatosensory
and insular cortex shown by staining for myelin (F) and Nissl substance (G). Borders
auf of auditory, temporal medial, and visual cortex shown by staining for myelin (H),
cytochrome oxidase (I), Nissl substance (J), and synaptic zinc (K). Inset in (F): the red
bar indicates the location of the coronal sections shown.
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Figure 3.4: High magnification views of somatosensory cortex. Tangential and coronal
sections of somatosensory cortex. Sections of flattened cortex (A), (B), (C) and coronal
sections (D), (E), (F) were processed for cytochrome oxidase, VGluT2, and synaptic
zinc. No clear barrel structure as in rodents is evident. Inset in (B): the red area
indicates the location of the tangential section shown in (A), (B), and (C). Inset in (E):
the red area indicates the location of the coronal section shown in (D), (E), and (F).
The transition from piriform cortex to insular cortex is characterized by several promi-
nent cytoarchitectonic changes such as a decrease in myelination (Fig. 3.5A) and cy-
tochrome oxidase activity in layer 1 (Fig. 3.5B) Also, the insular cortex is marked by
dark staining for synaptic zinc compared to neighboring cortex (Fig. 3.2C). It is char-
acterized by an indentation of layer 2 that is often larger and not at the same position
as the indentation due to the rhinal fissure (Fig. 3.5C). The insular cortex has a lower
packing density of cells in layer 2 (Fig. 3.5C). This lower density in layer 2 is shared by
somatosensory cortex (Fig. 3.5C), which is the largest area of the neocortex (Fig. 3.5B).
It is the thickest of all sensory areas and has a distinct lamination pattern (Fig. 3.5C).
It has very dense cytochrome oxidase staining, particularly in layer 4 (Fig. 3.5B). This
staining is more intense in the medial part of somatosensory cortex than in the lateral
part (Fig. 3.5B). In the lateral part of the somatosensory cortex the cytochrome oxidase
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band is located closer to the surface (Fig. 3.5B).
The parietal medial cortex has a denser layer 2 than the lateral somatosensory cortex
and the medial cingulate cortex (Fig. 3.5C). The parietal medial cortex shows no or
only weak staining for cytochrome oxidase (Fig. 3.5B) which probably correlates with
a decrease of the density of cells in layer 4 compared to somatosensory cortex (Fig.
3.5C). In cingulate cortex staining for cytochrome oxidase (and likely layer 4) are absent
(Fig. 3.5B). Cingulate cortex has a relatively thin layer 1 compared to other cortical
regions. In general, relative layer 1 thickness increases from medial to lateral cortical
regions. Also, frontal regions are thicker than posterior regions of cortex. Piriform,
insular, frontal medial, and cingulate cortex have an average thickness of more than 500
µm (Table 3.5).
Figure 3.5: Cytoarchitectonics of anterior parts of shrew cortex. Architectonic char-
acteristics of the Etruscan shrew cortex shown in 3 adjacent coronal sections. Adjacent
coronal sections were processed for myelin (A), cytochrome oxidase (B), and Nissl sub-
stance (C). The boundaries of proposed cortical areas are shown superimposed on the
sections. Inset: the red bar indicates the location of the coronal sections shown. Ar-
rowheads mark region borders.
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3.3.7 Cytoarchitectonics of middle parts of shrew cortex
We next present the cytoarchitectonics of middle parts of shrew cortex, where the shrew
brain has its maximal width (Fig. 3.6A-C). Medial and caudal to the piriform cortex
on the lateral wall of the cortex is the entorhinal cortex (Figs. 3.6A, 3.6B, 3.6C).
The entorhinal cortex is thin and is subdivided into two clear cell-rich layers (layer
2/3 and layer 5/6) separated by the cell-poor layer 4 (Fig. 3.6C). Radial bundles of
myelinated fibers extend from layer 5/6 through layer 4 in the entorhinal cortex (Fig.
3.6A). The perirhinal cortex forms a narrow strip of thin cortex between entorhinal
cortex, the posterior somatosensory cortex, and auditory cortex (Figs. 3.6C). Perirhinal
cortex is easily recognized by its lack of staining myelin preparations (Fig. 3.6A) and its
intense staining for synaptic zinc compared to neighboring regions (Figs. 3.3K). With
an average thickness of around 250 µm the perirhinal cortex is the thinnest part of the
cerebral cortex. At the same time, layer 1 is very wide compared to the other layers in
perirhinal cortex.
The rostro-caudal transition from retrosplenial to cingulate cortex is gradual. At one
point, but not along the entire extent of visual cortex, there is very little intervening
space between somatosensory and the frontal part of visual cortex (Fig. 3.3D). Anterior
to that point, parietal medial cortex forms a thin wedge between somatosensory and
visual cortex (Figs. 3.6A, 3.6B, 3.6C). The most medial region shown in Figure 3.6 is
the retrosplenial cortex. It forms the caudal part of the medial wall of the cortex and
is characterized by its accentuated layer 2. Also, the retrosplenial cortex has a strong
myelination in the lower layers (Fig. 3.6A).
3.3.8 Cytoarchitectonics of posterior regions
The caudal parts of shrew cortex are illustrated in Fig. 3.7. Figure 3.7A shows that
the caudal part of the entorhinal cortex contains no myelinated radial bundles. The
entorhinal and perirhinal cortices are very thin, in the most caudal parts of the brain
often less than 200 µm (Fig. 3.7C). The auditory and visual cortices are also very thin,
but they are marked by intense cytochrome oxidase staining in the upper cortical layers
(Fig. 3.7B) and increased myelination in the lower layers (Fig. 3.7C). Also, note the
large size of the hippocampus relative to the cerebral cortex (Fig. 3.7C).
3.3.9 Cytoarchitectonic divisions visualized in sagittal sections
Sagittal sections from the lateral part of shrew cortex stained for VGluT2 demonstrate
the gradual transition from auditory to somatosensory cortex (Fig. 3.8A). The transition
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Figure 3.6: Cytoarchitectonics of middle parts of shrew cortex. Architectonic char-
acteristics of the Etruscan shrew cortex shown in 3 adjacent coronal sections. Adjacent
coronal sections were processed for myelin (A), cytochrome oxidase (B), and Nissl sub-
stance (C). The boundaries of proposed cortical areas are shown superimposed on the
sections. Inset: the red bar indicates the location of the coronal sections shown.
is marked by a gradual increase in thickness of VGluT2 staining in layer 4 (Fig. 3.8A)
and an increase in the width of the stained area (Fig. 3.2A). The piriform, insular, and
perirhinal cortex show almost no staining for VGluT2 (Figs. 3.8A, 3.8B). The temporal
medial and frontal medial cortex are only weakly stained compared to neighboring areas
(Fig. 3.8C). The entorhinal and retrosplenial cortex show the strongest staining in layer
1 but less staining in lower layers (Figs. 3.8A, 3.8C). In general, VGluT2 staining is
present in layer 1 in sensory neocortical areas but much stronger in layer 4. As shown in
Figure 3.8C, frontal rostral cortex stains more strongly for VGluT2 than frontal medial
cortex, which corresponds well with the others markers used to differentiate the regions,
e.g. staining for myelin (Fig 3.2D).
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Figure 3.7: Cytoarchitectonics of posterior parts of shrew cortex. Architectonic char-
acteristics of the Etruscan shrew cortex shown in 3 adjacent coronal sections. Adjacent
coronal sections were processed for myelin (A), cytochrome oxidase (B), and Nissl sub-
stance (C). The boundaries of proposed cortical areas are shown superimposed on the
sections. Inset: the red bar indicates the location of the coronal sections shown.
3.3.10 Number of neurons in the entire cortex and individual regions
After the cytoarchitectonic definition of clearly recognizable cortical subdivisions, which
we refer to as areas, and less well-defined subdivisions which we refer to as regions, we
set out to determine the number of neurons contained in these subdivisions.
The mean number of neurons per cortical hemisphere is 1,050,000 (n = 10, rounded to
nearest 10,000), with a standard deviation of 160,000 (see Table 3.4). The corresponding
coefficient of error (CE) was between 0.02 and 0.05, with a mean of 0.034. The coefficient
of variation (CV, standard deviation / mean number of neurons) is 0.148. Subtracting
the squared CE from the squared CV gives the (squared) biological coefficient of variation
(BCV). The BCV2 accounts for 95 % of the total variation (CV2) whereas the CE2 only
accounts for 5 % of the total variation. This means that the variability due to inter-
individual differences is much larger than variability of the stereological estimates.
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Figure 3.8: Three sagittal sections stained for vesicular glutamate transporter-2 (VG-
luT2). Architectonic characteristics of the Etruscan shrew cortex shown in 3 sagittal
sections processed for VGluT2 (A), (B), (C). The boundaries of proposed cortical areas
are shown superimposed on the sections. Inset: the red bars indicate the location of
the sagittal sections shown.
Specimen ID Hemisphere
Cortex neuron
no. (106)
Sh1 U 1.11
Sh2 L 1.02
Sh2 R 1.10
Sh3 L 0.80
Sh3 R 0.90
NeuN L 0.97
NeuN R 1.08
Sh180 L 1.33
Sh293 L 1.25
Sh294 R 0.99
Mean ± SD 1.05 ± 0.16
Table 3.4: Cortex neuron number of the 10 Etruscan Shrews Analyzed. U, unknown;
L, left; r, right.
3 Cytoarchitecture, areas, and neuron numbers of the Etruscan shrew cortex 61
The number of neurons per cortical region is shown in Table 3.5 and Figure 3.9. In
each cortical hemisphere we identified and counted neurons 11 neocortical regions. On
average the neocortex contained around 800,000 neurons or 70 % of the neurons in a cor-
tical hemisphere. The region with the largest number of neurons was a non-neocortical
region, the piriform cortex (shown in green in Fig. 3.9). It contains about 20 % of
the neurons of one cortical hemisphere. The area with most neurons in neocortex was
the somatosensory area (shown in red in Fig. 3.9) containing 17 % of the neurons of a
hemisphere. The other primary sensory areas are small and located in the caudal, thin
parts of the cortex and contain very few neurons. The auditory cortex (shown in blue
in Fig. 3.9) contains 3 % and the visual cortex (shown in orange in Fig. 3.9) 4 % of
the total amount of neurons in the cortex. For individual regions average CEs ranged
from 0.05 to 0.15 with a mean of 0.1 for all regions. Given the number of neurons in a
cortical hemisphere (1.05 million) and the surface area (11.1 mm2), there are on average
about 95,000 neurons below a square millimeter of cortical surface and 71 neurons below
a rectangular surface area of 25 µm x 30 µm.
Figure 3.9: Illustration of counting procedure and percentage of neurons contained
in each cortical area. Overview of the number of neurons per cortical area. (A) The
outlines of the left hemisphere of the cortex of specimen Sh293. Shown are the 15
sections used for counting neuron numbers in individual areas. Colors show the areas
highlighted in (B). R = rostral. C = caudal. D = dorsal. (B) The percentage of
neurons contained on average in each cortical area for 3 shrews (see Table 3.5). Values
rounded to nearest percent. See Table 3.1 for abbreviations.
3.4 Discussion
We describe general anatomical features of the cortex of the smallest terrestrial mammal
- the Etruscan shrew. We identify cortical regions by cytoarchitecture and histochemical
techniques. In three animals the number of neurons in these identified regions was
estimated and in 10 animals the total number of neurons per cortical hemisphere was
estimated using stereological techniques.
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3.4.1 Architecture of the Etruscan shrew cortex
Larger brained mammals tend to have a larger number of cortical areas (Brodmann,
1909) but this is not always the case (Krubitzer, 2009). An example of this can be seen
by comparing the Etruscan shrew and the hedgehog tenrec. This species was formerly
grouped with the insectivores due to external similarities but is actually not closely
related (Wilson and Reeder, 2005). The hedgehog tenrec has a 10 times larger brain than
the Etruscan shrew but does not have a clearly defined granular layer 4 (Morawski, 2010).
We propose that there is a layer 4 in the Etruscan shrew cortex, at least in the neocortical
sensory areas, based on our cytochrome oxidase preparations (cytochrome oxidase stains
highly active neurons in layer 4), VGluT2 staining and staining for synaptic zinc. This
is consistent with early observations on shrew brains (Rose, 1912). Despite the lack of
laminar differentiation in the hedgehog tenrec cortex it was possible to define several
cortical areas based on microelectrode mapping and myeloarchitectonics (Krubitzer et
al., 1997). Similarly, the Etruscan shrew lacks some characteristic architectonic features
of mammalian cortex like sublamination of layer 4 in visual cortex (Brodmann, 1909;
Rehka¨mper, 1981).
Nevertheless it was possible to delineate at least 13 cortical regions - a large number,
considering that the about 50,000 times larger human cortex (Stephan et al., 1991;
Herculano-Houzel, 2009) which contains over 5,000 times more neurons (Herculano-
Houzel, 2009) has only about 50 cortical areas, according to the map of Brodmann
(1909) or 200 according to more recent estimates (Kaas, 2011). Note that that the
estimate of 13 cortical regions in the Etruscan shrew is a lower bound estimate, because
we did not designate very small cortical regions as separate entities and were conservative
in introducing areal subdivisions. In contrast to most mammals, Etruscan shrew cortex
has probably a similar or even reduced number of cortical regions compared to ancestral
mammalian cortex, which may have contained on the order of 15-20 cortical areas (Kaas,
2011).
3.4.2 Comparison of cytoarchitectonics and electrophysiological map-
ping
Figure 3.10A shows the neocortical sensory areas in color. Their location matches well
with the results from electrophysiological mapping (Roth-Alpermann et al., 2010) shown
in Figure 3.10B. As in our electrophysiological mapping study, the auditory cortex forms
a small round area located posterior and lateral to the primary somatosensory cortex
whereas the visual cortex forms a long thin strip medial and posterior to the primary
somatosensory cortex. Located between auditory and visual cortex is the temporal
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Specimen ID Sh180, Sh293, Sh294
Sh
180
Sh293 Sh294
Cortical ar-
eas
Mean
thick-
ness
(µm)
Layer 1
relative
thick-
ness
(%)
Neuron no. (104)
Mean
(104)
% of
To-
tal
Auditory
Cortex
253.0 26 3.3 4.0 3.5 3.6 3
Cingulate
Cortex
578.8 21 7.2 6.7 5.0 6.3 5
Entorhinal
Cortex
266.1 34 13.8 14.6 10.8 13.1 11
Frontal Me-
dial Cortex
569.1 22 3.6 5.3 5.3 4.7 4
Frontal Ros-
tral Cortex
390.4 29 6.7 4.8 7.4 6.3 5
Insular Cor-
tex
532.3 31 9.8 8.3 6.1 8.1 7
Perirhinal
Cortex
254.4 33 2.9 2.8 2.6 2.8 2
Piriform
Cortex
586.0 31 27.1 24.8 20.3 24.1 20
Parietal Me-
dial Cortex
481.2 23 12.0 13.5 7.3 10.9 9
Retrosplenial
Cortex
460.3 23 11.8 12.7 9.3 11.3 10
Somatosensory
Cortex
477.9 21 26.7 18.9 13.2 19.6 17
Temporal
Medial
Cortex
273.5 33 3.1 4.9 3.4 3.8 3
Visual Cor-
tex
310.2 22 4.7 3.6 4.2 4.2 4
Table 3.5: Cortex area neuron number, mean area thickness, and relative extent of
cortical layer 1 of the 3 Etruscan shrews analyzed.
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medial cortex. In contrast to other shrew species (Catania et al., 1999), the area medial
to visual cortex does not stain for cytochrome oxidase or myelin. This could point to
difference in cortical organization between white-toothed shrews (Crocidurinae) like the
Etruscan shrew and the red-toothed shrews investigated by Catania et al. (1999). No
visual or auditory responses could be evoked in temporal medial cortex (Roth-Alpermann
et al. 2010). This probably means that this area does not contain a secondary visual
or auditory area. Instead, the area is responsive to whisker and body touch (Roth-
Alpermann et al. 2010).
Figure 3.10: Overview map of the Etruscan shrew cortex and comparison with elec-
trophysiological mapping. Comparison of anatomical and electrophysiological mapping.
(A) Overview of the anatomical map assembled from coronal and tangential sections.
Colors highlight the neocortical sensory areas. Other clearly identifiable regions are
shown with solid lines, more putative regions with dashed lines. R = rostral. C =
caudal. (B) Map of cortical areas as found in electrophysiological mapping (Roth-
Alpermann et al., 2010). The primary sensory areas correspond well, the secondary
somatosensory and polysensory areas could correspond to temporal, perirhinal, and
insular cortex.
By both histology and electrophysiological mapping the primary somatosensory cortex
is the largest and most prominent cortical area located in the middle of the cortical
mantle. There are anatomical differences between the lateral and medial parts of the
somatosensory cortex. Laterally the cytochrome stain approaches the pial surface and
medially layer 2 and 3 take up more space. These anatomical differences point to the
existence of a primary and secondary somatosensory cortex consistent the results from
electrophysiological mapping (Roth-Alpermann et al. 2010).
Similar anatomical differences regarding the intensity and the uniformity of cytochrome
oxidase staining were also found in the Hedgehog tenrec (Krubitzer et al., 1997). The
Masked shrew and other shrew species also show an inverted representation of the body
surface (Catania et al., 1999; Catania, 2005). In some studies of other mammals, multi-
sensory responses were observed in or near the primary areas (Hunt et al., 2006, Krub-
itzer et al., 1997). Like previous researchers (Krubitzer et al., 1997) we found responses
to body touch, whisker movement, and polysensory responses even far laterally in the
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cortex. We designated these cortical regions as lateral somatosensory and polysensory
areas (Roth-Alpermann et al., 2010). These regions did not show strong staining for
cytochrome oxidase or myelin and correspond probably to the somatosensory, temporal
medial, perirhinal and insular cortex.
In several preparations we observed patches stained strongly for cytochrome oxidase lo-
cated in frontal parts of the cortex. These patches were always very close to the olfactory
bulbs and comparatively far from somatosensory cortex. In all mammals examined so
far motor cortex directly borders somatosensory cortex, therefore the staining pattern
here probably does not correspond to motor cortex. All mammals examined to date
have at least one visual, one auditory, and two somatosensory areas but not all have a
motor cortex. Studies in opossums did not show evidence for a motor area rostral to
somatosensory cortex but movements can be evoked by stimulating their somatosensory
cortex (Beck et al., 1996; Kaas, 2011). In shrews it was not yet possible to define motor
cortex by electrophysiological mapping (Catania, 2005; Roth-Alpermann et al., 2010).
Nudo and Masterton (1990) found a presumptive motor cortex in the least shrew (Cryp-
totis parva). It is located fronto-medially and less than 400 neurons could be labeled
by tracing connections from the spinal cord. Its location corresponds best to parietal
medial cortex in this study. We did not find any giant Betz cells which agrees with the
findings of Rose (1912) and Nudo and Masterton (1990).
In summary, converging evidence from anatomy and physiology supports the presence
of primary sensory neocortical areas in the Etruscan shrew. A number of further regions
(retrosplenial, cingulate, perirhinal, insular, entorhinal, frontal rostral, and piriform
cortex) are cytoarchitectonically well defined and appear to be homologous to areas
identified in other shrews and mammals (Catania, 2005; Wong and Kaas, 2009). We
indicated these regions by filled lines in Figure 3.10A. Frontal medial, parietal medial,
and temporal medial cortex are indicated by dashed lines in Figure 3.10A since they
are defined by the absence of staining for cytochrome oxidase, myelin, and differences in
cytoarchitecture. Corresponding regions were defined in other mammals, e.g. temporal
medial cortex of the Etruscan shrew could correspond to occipital-temporal-parietal
cortex in the Short-tailed opossum (Wong and Kaas, 2009).
3.4.3 Number of neurons in the entire cortex and individual regions
Several previous comparative studies have analyzed (relative) volumes of brain structures
(Stephan, 1991) and the number of neurons (Herculano-Houzel, 2009). We found, that
there are on average 2.1 million neurons in both cerebral hemispheres of the Etruscan
shrew. We included two allocortical regions in our counts - subtracting these from
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the total yields a value of 1.6 million neurons in the entire neocortex, that is, in one
hemisphere there are about 800,000 neurons - as much neurons as in the honeybee brain
(Wittho¨ft, 1967). So far, the smallest numbers of cortical neurons in mammals were
found in the Masked shrew (6 million, Ryzen and Campbell, 1955) and the Smoky shrew
(7.14 million, Sarko et al, 2009). These numbers have been obtained by different methods
from the one used here, but the definition of total cortex in Sarko et al, 2009 seems to
correspond well to the definition of total cortex used here. The scaling relations between
brain volume and neuron numbers have been worked out with a new non-stereological
technique in rodents, primates, and insectivores (Herculano-Houzel et al., 2006, 2007,
2008; Sarko et al, 2009).
In the Etruscan shrew, most cortical neurons are in the olfactory cortex and somatosen-
sory cortex, suggesting that smell and touch are of prime importance, similarly as implied
by fossil evidence of ancestral mammals (Rowe et al., 2011). In the neocortex, one-fourth
of the neocortical neurons are in somatosensory cortex which corresponds well to our
observation that a large part of the Etruscan shrew neocortex responds to tactile stim-
uli (Roth-Alpermann et al., 2010) and the importance of tactile input for prey capture
(Anjum et al., 2006). As suggested by Beaulieu (1993), this could mean that the sensory
modality preferentially used by an animal will have the highest number of neurons in its
corresponding cortical area. The other sensory neocortical areas are extremely small, for
example the auditory and visual cortex contain on average about 40,000 neurons. For
comparison, a single barrel column of rat barrel cortex contains about 20,000 neurons
(Meyer et al., 2010).
Mammalian brain and cortical size varies by a factor of more than 100,000, but average
cortical thickness varies only by a factor of 7; from 0.4 mm in Suncus etruscus to 2.8
mm in humans (Nieuwenhuys et al., 1998). Here we found an average value of 435
µm, very close to the value given by Nieuwenhuys et al. (1998) and Stolzenburg et al.
(1989). The Cortical regions in the Etruscan shrew show a large variability in thickness
as in other mammals (Rockel et al. 1980). Layer 1 of Etruscan shrew cortex takes up
relatively more of the cortex than in rats and mice (DeFelipe et al., 2002) or other small
mammals (Stolzenburg et al., 1989) but not the hedgehog tenrec (Stephan et al., 1991).
Krieg (1946) extensively described variability of layer thickness of different cortical areas
in the rat. In visual cortex (area 18) and auditory cortex (area 41) layer 1 amounts to
about 10 % of total thickness (Krieg, 1946) whereas it is more than 20 % in the Etruscan
shrew. In contrast, layer 1 in Krieg’s area 13 takes up about 27 %; in the corresponding
insular cortex in the shrew layer 1 takes up 31 %. Therefore, the relatively larger layer
1 thickness in the Etruscan shrew is most prominent in neocortical sensory areas.
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Rockel et al. (1980) postulated that there are a constant number of about 110 neurons
below any 25 µm x 30 µm square surface of any part of the cortex of any mammal. For
the Etruscan shrew we find an average of 71 neurons, calculated using the total number
of neurons and the measured surface area. This is in contrast to the findings of Rockel
et al. (1980), but in line with a growing amount of data on the “nonuniformity” of
the cerebral cortex (Herculano-Houzel et al., 2008; Stolzenburg et al., 1989; Beaulieu,
1993). This average value does not reflect intracortical variability of neurons in a cortical
column but given the enormous variability of cortical thickness we propose that columns
across the Etruscan shrew’s cortex contain varying numbers of neurons. A recent study
provides evidence for large variations in neuronal density across the cerebral cortex in
primates (Collins et al., 2010).
A synopsis of our anatomical, physiological (Roth-Alpermann et al, 2010) and behavioral
analyses (Anjum et al. 2006) portray the Etruscan shrew as an extremely tactile animal
with a miniature brain that is highly specialized for active touch.
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Abstract
Little is known about how microcircuits are organized in layer 2 of medial entorhinal cor-
tex. We visualized principal cell microcircuits and determined cellular theta-rhythmicity
in freely moving rats. While calbindin-negative dentate-gyrus-projecting stellate cells
were uniformly distributed, non-dentate-projecting calbindin-positive pyramidal cells
bundled dendrites together and formed patches arranged in a hexagonal grid aligned
to layer 1 axons, parasubiculum and cholinergic inputs. Cholinergic drive sustained
theta-rhythmicity, which was two-fold stronger in pyramidal than in stellate neurons.
Hence, theta-rhythmicity was cell-specific but not based on stellate-cell-intrinsic prop-
erties. Layer 2 divides into a uniform, weakly theta-locked stellate cell lattice and spa-
tiotemporally highly organized pyramidal grid. According to clustering, rhythmicity and
cholinergic modulation this grid could be an embodiment of the brain’s representation
of space in hexagonal grids.
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4.1 Introduction
Temporal (1-3) and spatial (4) discharge patterns in layer 2 of medial entorhinal cor-
tex (MEC) are related through phase precession (5) and the correlation of gridness
(hexagonal regularity) and theta-rhythmicity (2). Layer 2 principal neurons divide into
pyramidal and stellate cells, which have been suggested to shape entorhinal theta (6,7)
and grid activity (8) by their intrinsic properties. Progress in understanding entorhinal
microcircuits has been limited, because most though not all (9-11) data stem from ex-
tracellular recordings of unidentified cells. Such recordings have characterized diverse
functional cell types (12-14) in layer 2. Clustering of grid cells (15) points to spatial
organization. It is not clear, however, how functionally defined cell types correspond
to stellate and pyramidal cells (7,16), which differ in conductances, immunoreactivity,
projections and inhibitory inputs (6,17-20). We combined juxtacellular labeling with
principal cell identification (20) to visualize microcircuits in MEC (Fig. 4.1A).
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Figure 4.1: Grid-like arrangement of calbindin-positive pyramidal cells in the medial
entorhinal cortex A, Posterior view of a rat cortical hemisphere. Medial entorhinal
cortex (MEC), lateral entorhinal cortex (LEC), parasubiculum (PaS), perirhinal cortex
(Per), postrhinal cortex (Por). B, Calbindin-immunoreactivity (brown precipitate) in a
parasaggital section reveals patches with apical dendrites of calbindin+ pyramidal cells
forming tents (white arrows) in layer 1. C, Tangential section showing all neurons (red,
NeuN-antibody) and patches of calbindin+ neurons (green). Bracket, dashed lines
indicate the patch-free stripe of MEC. D, inset from C. E, Two-dimensional spatial
autocorrelation of D revealing a hexagonal spatial organization of calbindin+ patches.
Color scale: -0.5 (blue) through 0 (green) to 0.5 (red), grid score is 1.18. Scale bars: A
= 1 mm; B = 100 µm; C,D,E = 250 µm. D = dorsal, L = lateral, M = medial, V =
ventral.
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4.2 Results
Calbindin immunoreactivity (20) identifies a relatively homogeneous pyramidal neuron
population in MEC layer 2. Parasagittal sections stained for calbindin (Fig. 4.1B)
showed that calbindin-positive (calbindin+) pyramidal cells were arranged in patches
(21). Apical dendrites of calbindin+ pyramidal cells bundled together in layer 1 to form
tent-like structures over the patches (Fig. 4.1B). The patchy structure is well defined
at the layer 1/2 border, whereas a “salt and pepper” appearance of calbindin+ and
calbindin− cells is observed deeper in layer 2 (Fig. 4.2).
Figure 4.2: Cellular architecture of an individual calbindin patch A, Side view of an
optically-cleared patch of calbindin+ cells. Serial optical sections spaced 2 µm apart
were taken along the x-z-axis and displayed as maximum intensity projection. B-I,
Optical sections at the levels indicated in A, showing calbindin+ cells in green (B, D,
F, H) and an overlay of calbindin+ cells in green and red autofluorescence showing all
neurons (C, E, G, I). Dashed lines in A indicate the level of the optical sections displayed
in (B-I): 70 µm below surface (B, C), 108 µm below surface D, E, 130 µm below surface
(F, G) and 160 µm below surface (H, I). Note the increase in patch diameter from the
upper to middle levels. At the lower level there is no apparent modular structure of
calbindin+ cells. Scale bars: A = 50 µm; B = 50 µm, applies to B-I.
Patches contained 187 ± 70 cells (111 ± 42, ≈ 60 % calbindin+, 76 ± 28, ≈ 40 %
calbindin− cells; counts of 19 patches from four brains). We double-stained tangential
sections for calbindin (green) and the neuronal marker NeuN (red) to visualize patches
in the cortical plane. Calbindin+ (green/yellow) patches covered the MEC except for a
400-500 µm wide patch-free medial stripe adjacent to the parasubiculum (Fig. 4.1C).
Clustering was not observed in calbindin− neurons (red) (Fig. 4.1C). We noted a strik-
ing hexagonal organization of calbindin+ patches (Fig. 4.1C,D) and characterized this
4 Grid-layout and Theta-modulation of Layer 2 Pyramidal Neurons in Medial
Entorhinal Cortex 77
organization by three techniques: (i) Two-dimensional spatial autocorrelation analysis
(4), which captures spatially recurring features and revealed a hexagonal regularity (Fig.
4.1E). (ii) Grid scores (12) modified to quantify hexagonality also in elliptically distorted
hexagons (22), distortions which result from tissue curvature and anisotropic shrinkage.
Grid scores range from -2 to +2, with values >0 indicating hexagonality. The example
in Fig. 4.1D had a grid score of 1.18 suggesting a high degree of hexagonality. (iii) We
assessed the probability of hexagonal patch arrangements given preserved local structure
(14) by a shuffling procedure. We found that the strongest Fourier component of the
sample (Fig. 4.1D) exceeded that of the 99th percentile of shuffled data, suggesting such
hexagonality is unlikely to arise by chance.
We retrogradely labeled neurons from ipsilateral dentate gyrus (Fig. 4.3A) using bi-
otinylated dextran amine (Fig. 4.3B) or cholera toxin B (Fig. 4.3C) to investigate the
arrangement of layer 2 principal cells with identified projection patterns and immunore-
activity (20). While most retrogradely labeled neurons were stellate cells (16,23), a small
fraction had pyramidal morphologies, but these neurons appeared larger than calbindin+
pyramidal cells (Fig. 4.3B). Calbindin+ neurons did not project to the dentate gyrus
(only 1 double-labeled out of 313 neurons in Fig. 4.3C-E; see also 20). Calbindin+
patches were hexagonally arranged (Fig. 4.3C,D,F), while dentate-gyrus-projecting neu-
rons (red) were uniformly distributed (Fig. 4.3E,G).
Reconstructions of calbindin+ and calbindin− cells labeled in vivo confirmed their pyra-
midal and stellate morphologies, respectively. calbindin+ dendrites were largely confined
to patches, whereas calbindin− stellates cells had three times larger dendritic trees (7.6
vs 2.6 mm average total length, p <0.03), which extended unrelated to patches (Fig.
4.3H,I). Differentiating layer 2 neurons by calbindin and reelin immunoreactivity con-
firmed patchy hexagonality of calbindin+ cells and scattered distribution of reelin+ cells
without overlap between these neurons (20) (Fig. 4.4).
To investigate the organization of calbindin+ patches across MEC, we prepared flattened
whole-mount preparations. Patches had similar arrangements throughout the dorsoven-
tral extent of MEC (Fig. 4.5). At the layer 1/2 border we consistently observed hexag-
onal arrangements in well-stained specimen. We quantified patch size and spacing in
ten largely complete MEC whole-mounts. Patch density was similar throughout MEC,
while patch diameter slightly increased towards ventral (Fig. 4.5). We estimated 69 ±
17 patches across the entire MEC (n = 10). Calbindin staining corresponded to previ-
ously described cytochrome-oxidase-patterns (9) with the exceptions that (i) calbindin
patterns were better delineated, (ii) cytochrome-oxidase staining revealed more patches
in MEC (9), (iii) patterns did not correspond in the parasubiculum.
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Figure 4.3: Calbindin positive pyramidal but not dentate-projecting stellate neurons
form patches A, Schematic of retrograde labeling from dentate gyrus. B, Such ret-
rograde labeling (BDA, brown) stains neurons (most with stellate morphologies) in a
parasaggital MEC section. C, Tangential MEC section showing calbindin+ neurons
(green) and retrogradely-labeled neurons (red) following dentate-gyrus-cholera-toxin-B
injection. D,E insets from C. F, Two-dimensional spatial autocorrelation of D reveals
regular organization of calbindin+ patches; grid score is 0.32. The strongest Fourier
component of the sample exceeded that of the 99th percentile of shuffled data confirm-
ing hexagonality. G, Two-dimensional spatial autocorrelation of E reveals no spatial
organization, grid score is -0.03. H,I, Superimposed reconstructions of dendritic mor-
phologies of 5 calbindin+ pyramidal (green) and 5 calbindin− stellate neurons (black)
in the tangential plane. Morphologies were ’patch-centered’ aligned according to orien-
tation and the center of the nearest calbindin+ patch (grey outlines). Scale bars: B =
100 µm; C,D,E,G,H,I = 250 µm; D = dorsal, L = lateral, M = medial, V = ventral.
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Figure 4.4: Calbindin-positive pyramidal neurons but not reelin-positive cells form
patches. A, Tangential section of the rat MEC showing calbindin+ pyramidal neurons
and neuropil (green) and reelin+, putative stellate, neurons (red). calbindin+ and
reelin+ neurons form two non-overlapping populations (2 double-labeled neurons in
168 calbindin+ and 405 reelin+ layer 2 neurons) (20). B, Inset from A showing a high
magnification of calbindin+ patches. C, Two-dimensional spatial autocorrelation of B
illustrating regular spatial organization of calbindin+ patches. The grid score is 0.49.
The strongest Fourier component of the sample exceeded that of the 99th percentile
of shuffled data, confirming hexagonality. D, Corresponding image section from B
showing reelin+ neurons. E, Spatial autocorrelation of D illustrating a lack of spatial
organization of reelin+ neurons. The grid score is -0.04. Scale bars: A-E = 250 µm. D
= dorsal, L = lateral, M = medial, V = ventral.
Figure 4.5: Layout of calbindin patches across the extent of medial entorhinal cortex
A, Measurements of mean patch diameter (red) and density (blue) across the dorsoven-
tral extent of the MEC. Measurements refer to ten MEC whole-mounts and did not in-
clude the medial patch-free stripe of MEC (see Fig. 4.1C). Error bars = SD. B, Tangen-
tial section from a flattened cortical preparation processed for calbindin immunoreac-
tivity (green) showing modularity throughout the MEC. The image was flipped around
the vertical axis for comparability. C, Two-dimensional spatial autocorrelation of the
dorsal inset in A. The grid score is 0.32. The strongest Fourier component of samples
C, D exceeded that of the 99th percentile of shuffled data confirming hexagonality. D,
Two-dimensional spatial autocorrelation of the ventral inset in A. The grid score is
0.79.
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Figure 4.6: Alignment of the calbindin grid to parasubiculum, layer 1 axons and
cholinergic markers A, Section from Fig. 4.1C. Dashed white lines indicate axes of the
calbindin+ grid (angles are indicated). Axes aligned with parasubiculum (B) and layer
1 axons (C-G). B, left, schematic of calbindin patches and parasubiculum from A. The
orange line fits the dorsoventral axis of the parasubiculum, the green line fits the most
medial column of patches (red), the angle between these lines is indicated. Right, fitted
lines and their relative angles for four other brains. C, Tangential section processed for
calbindin (green) and myelin basic protein (red). D, inset from C. E, Two-dimensional
spatial autocorrelation of D. Dashed black lines indicate grid axes. F, inset from C. G,
Polar plot of axonal orientations from F. Superimposed dashed lines are grid axes from
E. H, Tangential section stained for acetylcholinesterase activity. I, Section from H
co-stained for calbindin. J, Overlay of H,I shows overlap between acetylcholinesterase
and calbindin staining. Scale bars: A,C,D,E,F,H,I = 250 µm; J = 100 µm. D = dorsal,
L = lateral, M = medial, V = ventral.
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calbindin+ patches shared a roughly 60 ◦ symmetry of their axes (Fig. 4.6A). One axis
runs parallel to the dorsoventral axis of the parasubiculum (Fig. 4.6A-B). Lines fit-
ted through the dorsoventral axis of the parasubiculum and the most medial column of
calbindin+ patches had the same orientation (Fig. 4.6B). A second consistent axis was
tilted about 60 ◦ relative to the dorsoventral axis. This calbindin+ patch axis curved
ventrally at more lateral positions and aligned with the orientation of overlaying layer 1
myelinated axons (Fig. 4.6C-F). Thus, the line connecting diagonally neighboring cal-
bindin patches (revealed by spatial autocorrelation, Fig. 4.6D,E) aligned with the pre-
ferred axis of layer 1 axons (Fig. 4.6F,G), which share one orientation in MEC (9,24,25).
Cholinergic transmission is of importance for MEC function (26,27) and grid cell activity
(28-30). We observed a patchy pattern of acetylcholinesterase activity at the layer 1/2
border (Fig. 4.6H), which colocalized with the cores of calbindin+ patches (Fig. 4.6H-
J). Axonal terminals positive for the vesicular acetylcholine transporter (VAChT) were
closely apposed to calbindin+ cells and their density was twofold larger in calbindin+
patches than between patches (Fig. 4.7).
Figure 4.7: Vesicular acetylcholine transporter in calbindin patches A, Fluorescence
micrograph showing one calbindin patch from a tangential section stained for calbindin
(green). B, Same section as in A stained for VAChT immunoreactivity (red). Note the
higher density of VAChT-positive puncta in the calbindin-patch than in the surrounding
area. C, Magnification from B, showing close appposition of VAChT-positive puncta
onto a calbindin+ neuron (arrows). D, Overlay of A and B. E, Density of VAChT-
positive puncta in calbindin patches (green dots) and non-patch areas (black dots) at
the layer 1/2 border. In five rats we selected 10 regions of interest (ROI) centered on
calbindin patches and 10 ROIs positioned equidistant between calbindin patch centers.
Horizontal bars indicate mean values. All VAChT positive puncta in the ROI were
counted and divided by area size to obtain puncta density. Scale bars: A, B, D = 50
µm; C = 10 µm.
Finally, we assessed in freely moving animals how activity of identified neurons related
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to the entorhinal theta-rhythm. We recorded 31 layer 2 neurons in rats trained to ex-
plore open fields, and classified them by morphology and immunoreactivity. calbindin+
neurons (n = 12) were pyramidal cells, while calbindin− neurons (n = 19) had stellate
morphologies. Firing rates were not different (calbindin+ = 2.1 ± 1.1 Hz; calbindin− =
2.3 ± 1.5 Hz; p >0.5, Mann-Whitney test). We found, however, that calbindin+ neurons
(Fig. 4.8A-C) showed stronger theta-rhythmicity than calbindin− cells (Fig. 4.8D-G; p
<0.01, Mann-Whitney test). Theta-rhythmicity was associated with locomotion of the
animal (Fig. 4.9).
Figure 4.8: Theta-modulation of calbindin positive and calbindin negative cells A,
Left, micrograph (tangential section) of a calbindin+ neuron recorded in a freely moving
animal. Green, calbindin; red, neurobiotin. Right, soma in red, green channel and
overlay. B, Autocorrelogram of spike discharges for the calbindin+ neuron shown in
A. C, Filtered (4-12 Hz) local field potential (top) and spiking pattern (bottom) of
the neuron shown in A. D-F, same as A-C but for a calbindin− neuron. G, Strength
of theta-rhythmicity in calbindin+ and calbindin− neurons in freely moving animals.
Numbers = n of neurons. Error bars = SEM. H, Same as G but for recordings under
urethane-ketamine anesthesia (31). I, Theta-rhythmicity in calbindin+ neurons under
anesthesia before and after systemic cholinergic blockade with scopolamine. J, Polar
plot of preferred theta-phase (theta-peak = 0 ◦) and modulation strength (Rayleigh
vector, 0-1, proportional to eccentricity) for calbindin+ (green) and calbindin− (black),
dots = single cells, lines = averages. Scale bars: A,D, = 100 µm (left), 10 µm (right).
A similar twofold difference in theta-rhythmicity between calbindin+ and calbindin−
cells was observed under urethane-ketamine anesthesia (Fig. 4.8H; p = 0.007, Mann-
Whitney test), which preserves cortico-hippocampal theta-rhythmicity (3,31). To probe
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the involvement of cholinergic inputs in theta-rhythmicity, we blocked cholinergic trans-
mission by scopolamine under anesthesia and found that theta-rhythmicity was dis-
rupted in calbindin+ neurons (Fig. 4.8I). Cells also differed in their phase-locking to
entorhinal field potential theta: calbindin+ cells were more strongly phase-locked (aver-
age Rayleigh vector length = 0.52 vs 0.22 in calbindin− cells; p <0.004, Mann-Whitney
test) and fired near the trough of the theta-oscillation, whereas locking was weaker and
more variable in calbindin− cells (Fig. 4.8J).
Figure 4.9: Movement dependency of theta-rhythmicity of spiking activity in
calbindin-positive neurons A, Fluorescence micrograph of a representative calbindin+
layer 2 neuron recorded from a freely moving rat. Green: calbindin, red: Neurobiotin.
Scale bars: 100 m (left) and 10 m (right). B, Representative raw juxtacellular traces
from the calbindin+ neuron shown in A under resting (top) and moving state (bottom;
speed cutoff = 2 cm/s). Note the prominent theta-rhythmicity of spiking activity dur-
ing movement. C, Spike autocorrelograms of the calbindin+ neuron shown in A under
resting (top) and moving state (bottom). D,E Population average of the strength of
theta-rhythmicity (theta index; see Supplementary Methods) under resting and mov-
ing state in calbindin− (D) and calbindin+ neurons (E). Note the stronger movement
dependency of theta-rhythmicity for calbindin+ neurons. P = 0.0034 (left panel, n =
17) and 0.0036 (right panel, n = 9), Mann-Whitney test. Error bars = SEM.
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4.3 Discussion
What is the cellular basis of theta-rhythmicity in MEC layer 2? Stellate cells have been
prime candidates for theta discharges in layer 2 (6,7), because intrinsic conductances
make them resonate at theta frequency (32,33). We found, however, that calbindin+
pyramidal cells showed twofold stronger theta-rhythmicity and theta phase-locking than
calbindin− stellate neurons. The stronger theta-rhythmicity of calbindin+ pyramidal
neurons, which have weaker sag-currents (7,9,20), is opposite from what had been pre-
dicted based on intrinsic properties (8,34). Hence, layer 2 theta-modulation is cell type
specific, but not driven by cell-intrinsic resonance properties. This conclusion agrees
with other evidence that questions a causal relationship between intrinsic properties
and theta-rhythmicity in vivo (10,34,35). calbindin+ neurons might correspond to a
subset of neurons with strong membrane potential theta-oscillations (11). Cholinergic
innervation and effects of cholinergic blockade suggest cholinergic drive sustains theta-
rhythmicity of calbindin+ cells. The finding that cholinergic transmission targets the
non-dentate-projecting calbindin+ cells might be related to the observation that medial-
septum-blockade disrupts grid cells, but only mildly affects hippocampal place cells
(28-30).
We were not yet able to assess spatial modulation in a sufficient number of identified
neurons to directly relate our results to grid cell function. The limited available evidence
suggests grid cells are a heterogeneous neuronal population in layer 2 (10,11,36) possibly
indicating weak structure-function relationships (37). Yet, we observed intriguing simi-
larities between calbindin+ neurons and grid cells: (i) calbindin+ cells receive cholinergic
inputs, which are required for grid cell activity (28-30); (ii) calbindin+ cells have strong
theta-rhythmicity, a feature which correlates with grid cell discharge (2); (iii) like grid
cells, calbindin+ cells are clustered. Our observations inspired a ’isomorphic mapping
hypothesis’ according to which an anatomical grid is instrumental in generating grid
cell activity (38). Alignment of calbindin+ neurons and layer 1 axons could contribute
to grid scale modularity (15) by funneling similar axonal input into stripes of patches.
Hexagonality often results from spacing constraints, but such mechanisms do not pre-
dict MEC-pyramidal-grid alignment. A ’grid-cell-grid’ might offer similar advantages as
isomorphic representations of body parts in somatosensory cortices of tactile specialists.
In such isomorphisms, whisker pads are represented as barrel fields (39) and nose ap-
pendages as nose stripes (40). Resolving identified entorhinal circuits during navigation
will tell, if the calbindin+ grid is an embodiment of the brain’s representation of space
in hexagonal grids.
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4.5 Materials and Methods
All experimental procedures were performed according to German guidelines on animal
welfare.
4.5.1 Brain tissue preparation
For anatomy experiments, male and female Wistar rats (150-400 g) were anesthetized by
isoflurane, and then euthanized by an intraperitoneal injection of 20% urethane. They
were then perfused transcardially with 0.9% phosphate buffered saline solution, followed
by 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). After perfusion, brains
were removed from the skull and postfixed in PFA overnight. They were then transferred
into a 10% sucrose solution in PB and left overnight, and subsequently immersed in 30%
sucrose solution for at least 24 hours for cryoprotection. The brains were embedded in
Jung Tissue Freezing Medium, and subsequently mounted on the freezing microtome
to obtain 20-60 µm thick sagittal sections or tangential sections (parallel to the pial
surface). Tangential sections of the medial entorhinal cortex were obtained by separating
posterior cortices (including the entorhinal cortex) from the remaining hemisphere by a
cut parallel to the surface of the medial entorhinal cortex. The tissue was then frozen
and positioned with the pial side to the block face of the microtome.
4.5.2 Histochemistry and immunohistochemistry
Acetylcholinesterase (AChE) activity was visualized according to previously published
procedures (42,43). After washing brain sections in a solution containing 1 ml of 0.1 M
citrate buffer (pH 6.2) and 9 ml 0.9% NaCl saline solution (CS), sections were incubated
with CS containing 3 mM CuSO4, 0.5 mM K3Fe(CN)6, and 1.8 mM acetylthiocholine
iodide for 30 min. After rinsing in PB, reaction products were visualized by incubating
the sections in PB containing 0.05% 3,3’- Diaminobenzidine (DAB) and 0.03% nickel
ammonium sulfate.
Immunohistochemical stainings were performed according to standard procedures. Briefly,
brain sections were pre-incubated in a blocking solution containing 0.1 M PBS, 2%
Bovine Serum Albumin (BSA) and 0.5% Triton X-100 (PBS-X) for an hour at room tem-
perature (RT). Following this, primary antibodies were diluted in a solution containing
PBS-X and 1% BSA. Primary antibodies against the calcium binding proteins Calbindin
(1:5000), the extracellular matrix protein Reelin (1:1000), the extrinsic membrane pro-
tein Myelin Basic Protein (1:1000), the vesicular acetylcholine transporter (1:1000), and
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the DNA binding neuron specific protein NeuN (1:1000) were used. Incubations with
primary antibodies were allowed to proceed for at least 24 hours under mild shaking
at 4 ◦C in free-floating sections. Incubations with primary antibodies were followed by
detection with secondary antibodies coupled to different fluorophores (Alexa 488 and
546). Secondary antibodies were diluted (1:500) in PBS-X and the reaction was allowed
to proceed for two hours in the dark at RT. For multiple antibody labeling, antibodies
raised in different host species were used. After the staining procedure, sections were
mounted on gelatin coated glass slides with Mowiol or Vectashield mounting medium.
In a subset of experiments, primary antibodies were visualized by DAB staining. For
this purpose, endogenous peroxidases were first blocked by incubating brain tissue sec-
tions in methanol containing 0.3% hydrogen peroxide in the dark at RT for 30 min.
The subsequent immunohistochemical procedures were performed as described above,
with the exception that detection of primary antibodies was performed by biotinylated
secondary antibodies and the ABC detection kit. Immunoreactivity was visualized using
DAB staining.
For whole-mount immunohistochemistry (as in Fig. 4.2) we used a variant of the pro-
tocol in (44,45). Thick tangential sections (≈ 300 µm) containing layer 2 of the MEC
were first post-fixed in Dent’s fixative overnight at 4 ◦C and then incubated in Dent’s
bleach overnight at 4 ◦C. They were then dehydrated twice in 100% methanol for 30
min each and then rehydrated for 90 min each in 50% and 15% methanol in PBS at
RT. Subsequently, sections were incubated with 10 µg/ml proteinase K for 5 min at RT.
Sections were then rinsed three times for ten minutes in PBS at RT and subsequently
incubated in PBS-X containing 2% BSA overnight. Primary antibodies were diluted
in PBS-X containing 5% DMSO, 1% BSA and incubated for 96 hours at 4 ◦C. After
this incubation, whole-mounts were washed in PBS-X three times for 2-3 h each and
then incubated overnight in secondary antibodies diluted in PBS-X and 5% DMSO at
4 ◦C. Sections were then washed three times in PBS-X for 2-3 h each and incubated
in PBS-X overnight to ensure efficient removal of unbound antibodies. The sections
were dehydrated in series of 50%, 80%, and 100% methanol in PBS at RT for 90 min
each. Finally, the sections were transferred for at least 2 days into a clearing solution
consisting of two parts of benzyl benzoate and one part of benzyl alcohol at RT, until
they became transparent.
For histological analysis of juxtacellularly-labeled neurons, neurobiotin was visualized
with streptavidin conjugated to Alexa 546 (1:1000). Subsequently, immunohistochem-
istry for Calbindin was performed as described above and visualized with Alexa Fluor
488. After fluorescence images were acquired, the neurobiotin staining was converted
into a dark DAB reaction product, performed as previously described (31). This has
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advantages of being more sensitive than most fluorescent dyes, is permanent and not
sensitive to photobleaching (46). In general we found similar results for calbindin im-
munohistochemistry as previous authors (20,47), who showed that the large majority
(≈ 90% in 47) of calbindin+ cells are glutamatergic neurons.
4.5.3 Retrograde Neuronal Labeling
Retrograde tracer solutions containing either Biotynilated-Dextrane Amine (BDA) (10%
w/v; 3.000 MW) or Cholera Toxin Subunit B, Alexa Fluor 488 Conjugate (CTB) (0.8
% in PB) were injected in juvenile rats (≈ 150 g) under ketamine/xylazine anesthesia.
Briefly, a small craniotomy was opened above the dentate gyrus at intermediate positions
along the septo-temporal axis. Animals were placed in a stereotaxic apparatus, and prior
to injection, the granule cell layer was localized by electrophysiological recordings, based
on characteristic signatures of the local field potential and neuronal spiking activity.
Glass electrodes with a tip diameter of 10-20 µm, filled with CTB or BDA solution, were
then lowered unilaterally into the target region. Tracers were either pressure-injected
(CTB; 10 injections using positive pressure of 20 p.s.i., 10-15 s injection duration) or
iontophoretically-injected (BDA; 7s on/off current pulses of 1-5 mA for 15 min). After
the injections, the pipettes were left in place for several minutes and slowly retracted.
The craniotomies were closed by application of silicone and dental cement. The animals
survived for 3-7 days before being transcardially perfused. The results from back-labeling
agreed with previous authors (16,23,48), who also found that the large majority of
retrogradely-labeled neurons from the dentate gyrus had stellate morphologies.
4.5.4 Image acquisition
A microscope equipped with a motorized stage and a z-encoder, was used for bright field
microscopy. Images were captured using a MBF CX9000 camera using Neurolucida or
StereoInvestigator. An epifluorescence microscope with camera was used to image the
immunofluorescent sections. Alexa fluorophores were excited using the appropriate fil-
ters (Alexa 488 - L5, Alexa 546 - N3). Fluorescent images were acquired in monochrome,
and colour maps were applied to the images post acquisition. Whole-mount stainings
were imaged using a microscope. Fluorescence images were acquired with a 25x (1.05
NA) water-immersion objective. A femtosecond laser was used to excite fluorophores at
850 nm. Post hoc linear brightness and contrast adjustment were applied uniformly to
the image under analysis.
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4.5.5 Cell Counts and Patch Sizes
In the analysis for determining cell numbers and patch sizes, patches in consecutive
sections were matched by overlaying them in Adobe Photoshop, and only the ones
which could be reliably followed in all the sections under consideration were taken up
for further analysis. Image stacks were first converted into .tiff files for different channels
and focal planes using ImageJ. These files were then merged back together into a single
file using the Neurolucida image stack module. In these patches all cells positive for
Calbindin and NeuN were counted manually. Quantification of patch sizes was done
with the Neurolucida software by using the mean of maximum and minimum Feret
diameter, defined as the maximum and minimum diameter of the patch, respectively.
To correct for overestimation of neurons due to double counting in two adjacent sections,
we estimated the number of cells in a section assuming uniform cell density and uniform
spherical cell shape in the section and applied a correction factor of s / (s+d) where,
s is the section thickness and d is the diameter of a cell, to correct for the cells which
would be counted again in an adjacent section.
4.5.6 Quantification of axonal orientation and cholinergic boutons
To quantify the orientation of axonal fibers in layer 1, axon segments from myelin-stained
sections were traced using Neurolucida software. The polar histogram in Fig. 4.6 was
constructed with angular bins of 3 ◦, and the total length of axons in each angular
direction was summed up.
Using Stereoinvestigator software we quantified the density of VAChT-positive puncta
in calbindin patch and non-patch areas at the layer 1/2 border in tangential sections
from five rats. In total, we selected 10 regions of interest (ROI) centered on calbindin
patches and 10 ROIs positioned equidistant between calbindin patch centers. All VAChT
positive puncta in the ROI were counted manually and divided by area size to obtain
puncta density.
4.5.7 Analysis of Spatial Periodicity
To determine the spatial periodicity of calbindin+ patches, we determined spatial auto-
correlations and spatial Fourier spectrograms. The spatial autocorrelogram was based
on Pearson’s product moment correlation coefficient (as in 12):
r(τx, τy) =
n
∑
f(x,y)f(x−τx,y−τy)−
∑
f(x,y)
∑
f(x−τx,y−τy)√
n
∑
f(x,y)2−(∑ f(x,y))2√n∑ f(x−τx,y−τy)2−(∑ f(x−τx,y−τy))2
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where, r(τx, τy) is the autocorrelation between pixels or bins with spatial offset τx and
τy. f is the image without smoothing or the firing rate map after smoothing, n is the
number of overlapping pixels or bins. Autocorrelations were not estimated for lags of τx
and τy, where n<20.
Grid scores were calculated as previously described (49) by taking a circular sample of the
autocorrelogram, centered on, but excluding the central peak. The Pearson correlation
of this circle with its rotation for 60 degrees and 120 degrees was obtained (on peak
rotations) and also for rotations of 30 degrees, 90 degrees and 150 degrees (off peak
rotations). Gridness was defined as in (13) as the minimum difference between the
on-peak rotations and off-peak rotations. To determine the grid scores, gridness was
evaluated for multiple circular samples surrounding the center of the autocorrelogram
with circle radii increasing in unitary steps from a minimum of 10 pixels more than the
width of the radius of the central peak to the shortest edge of the autocorrelogram. The
radius of the central peak was defined as the distance from the central peak to its nearest
local minima in the spatial autocorrelogram. The grid score was defined as the best score
from these successive samples (13). Grid scores reflect both the hexagonality in a spatial
field and also the regularity of the hexagon. To disentangle the effect of regularity from
this index, and consider only hexagonality, we transformed the elliptically distorted
hexagon into a regular hexagon (22) and computed the grid scores. A linear affine
transformation was applied to the elliptically distorted hexagon, to stretch it along its
minor axis, till it lay on a circle, with the diameter equal to the major axis of the
elliptical hexagon. The grid scores were computed on this transformed regular hexagon.
The spatial Fourier spectrogram was calculated by implementing a two dimensional
discrete Fourier transform and determining its power (14):
F(x,y)= 1√
MN
N−1∑
n=0
M−1∑
m=0
f(m,n)e−2pii(
mx
M
+ny
N
)
P(x,y)=
√
F 2r (x, y) + F
2
i (x, y)
where, F is the spatial Fourier transform of f, which is a binary image representing the
sample with regions of interest (patches) marked as white blocks, with the remaining
area as black and zero padded to 2048x2048. M and N are the width and height of
the image before zero-padding. Normalization by
√
MN enables comparison of Fourier
power in differently sized samples. P is the power of the Fourier transform with Fr and
Fi being the real and imaginary parts of the Fourier transform.
To determine the probability that the patches present in the selected area would be
arranged hexagonally, we employed a shuffling procedure and compared the maximum
Fourier power of the block pattern representing the original image, to the 99th percentile
of the power of a shuffled one with the same blocks (representing the patches) being
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randomly distributed in the same area without overlapping. This shuffling was performed
on all samples on a sample-by-sample basis until the 99th percentile of the maximum
power Fourier component converged to a constant.
4.5.8 Electrophysiology methods
Basic procedures for obtaining juxtacellular recordings in freely moving animals were
essentially performed as previously described (9,50), but with two significant changes
in our procedures: (1) different from the approach taken previously, we worked exclu-
sively with animals extensively familiarized with the test arenas and trained to forage
for chocolate pellets during the recording (see below); (2) We did not use our previous
wake-up protocol, where single neurons were labeled in initially anesthetized animals,
which were woken-up by injection of antagonist, and the activity of the neurons subse-
quently monitored in freely-moving animals. Instead, neurons were analyzed in drug-free
animals. These changes were implemented to have the same experimental conditions as
in previous studies (4). Juxtacellular recordings in freely moving animals were obtained
in male Wistar and Long-Evans rats (150-250 g) which were maintained on a 12-h light
/ 12-h dark schedule and tested in the dark phase. Pipettes (4-6 MΩ) were filled with
extracellular (Ringer) solution containing (in mM) NaCl 135, KCl 5.4, HEPES 5, CaCl2
1.8, and MgCl2 1 (pH 7.2) as well as neurobiotin (1-2%). Rats were habituated to the
behavioral arena and trained for 3-7 days (2-6 sessions per day, of 15-20 min duration
each) to collect randomly scattered chocolate crumbs in the behavioral arena (80x80
cm or 1x1 m square box with a white cue card on the wall). Training was performed
both before and after implantation (see below), or only after implantation (3-5 days).
Animals were then implanted according to previously published procedures (9,50) with
a basic head-implant, which included a metal post for head-fixation and placement of
a miniaturized preamplifier, a plastic ring and a protection cap (50). For targeting the
dorsalmost region of medial entorhinal cortex, a plastic ring was glued on the skull sur-
face 0.2-0.8 mm anterior to the transverse sinus and 4.5-5 mm lateral to the midline.
Animals were allowed to recover from the surgery, after which they were habituated to
head-fixation for 3-5 days, as previously described (51), and trained to chase chocolate
pellets in the open field arena. On the day of recording, the implants were completed un-
der isoflurane anesthesia (1-3%) by implanting an additional metal post, which served to
anchor the miniaturized micromanipulator (52). Animals were put back in their cages,
and allowed to recover from the isoflurane anesthesia. 3-4 hours to 1 day later, rats
were then head-fixed and the miniaturized micromanipulator and preamplifier secured
to the metal posts. After the recording glass electrode was advanced into the brain,
a thick agarose solution (4-5% in Ringer) was applied into the recording chamber for
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sealing the craniotomy. Animals were then released from the fixation frame and gently
transferred to the behavioral arena. To minimize discomfort from the head implant, we
sometimes supplied local anesthesia in the neck region. Searching for neurons began
when animals were already freely behaving and running in the arena. At the end of the
recording, juxtacellular labeling was attempted according to standard procedures (51).
After labeling, the animal was injected with an overdose of ketamine or urethane and
perfused transcardially with 4% paraformaldehyde solution, typically within 10-30 min
after labeling.
Juxtacellular recordings in anesthetized animals (Fig. 4.8H-I) were performed un-
der ketamine/urethane anesthesia, essentially as previously described (31). The ke-
tamine/urethane mix is the anesthetic of choice for studying temporal dynamics of
spiking activity, and it has long been used to study many aspects of hippocampal and
entorhinal physiology (3,31). In a subset of recordings (n=4, Fig. 4.8I), scopolamine was
injected systemically (0.4-1 mg/ml, i.p.) (54). After a pre-injection baseline recording
of ≈ 5 min, scopolamine was injected and the effect on the recorded cell’s activity mon-
itored for further 15-20 min. The juxtacellular signals were amplified by the ELC-03XS
amplifier and sampled at 20 kHz by a data-acquisition interface under the control of
PatchMaster 2.20 software. The animal’s location was automatically tracked at 25 Hz
by a videotracking system.
4.5.9 Data analysis
The position of the rat was defined as the midpoint between two head-mounted LEDs.
A running speed threshold (2 cm/s) was applied for isolating periods of rest from active
movement. Theta-rhythmicity of spiking discharge was determined by first calculat-
ing the spike train’s autocorrelation determined from the Fast Fourier Transform-based
power spectrum of the spike-train autocorrelation functions of the cells, binned at 10
ms. To measure modulation strength in the theta band (4-12 Hz), a theta-index was
computed (2), defined as the average power within 1 Hz of the maximum of the auto-
correlation function in the 4-12 Hz, and divided by the average power in the 3-125 Hz
range. Only cells with firing rate >0.5 Hz were included in the theta analysis (17 out
of 19 calbindin− cells and 9 out of 12 calbindin+ cells) since low firing rates impede
detection of firing rhythmicity (55). Statistical significance was assessed by two-tailed
Mann-Whitney nonparametric test with 95% confidence intervals.
For spike-theta phase analysis, juxtacellular signals were band-pass filtered at 4-12 Hz,
and a Hilbert transform was used to determine the instantaneous theta phase of the
filtered theta wave (peaks = 0, 360 ◦ and troughs = 180 ◦). Then, each spike was assigned
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to the theta-phase of the Hilbert transform at the time of that spike. Only spikes
during running (speed cutoff = 2 cm/s) were included in the analysis. To estimate the
modulation strength, the Rayleigh average vector of spikes’ theta phases was calculated
for each cell and then averaged across each neuronal subpopulation (calbindin− and
calbindin+ neurons). Spike distributions within the theta cycle were computed for each
cell by using bins of 18 ◦.
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Abstract
The entorhinal cortex is a central brain region for spatial cognition in mammals. Its
structure is highly organized into different areas, layers and modules. These modules
have been best described in primates but less extensively in rodents. The goal of this
study is a descriptive mapping of modular structures in superficial layers of the rat
medial entorhinal cortex as a basis for further quantitative anatomical and functional
investigations. We focus on putative pyramidal cells marked by calbindin immunoreac-
tivity and putative stellate cells marked by reelin immunoreactivity. In superficial layer 2
of medial entorhinal cortex these cells show a strikingly ordered distribution. The distri-
bution of these groups of cells is related to staining patterns of cytochrome oxidase, zinc
ions, innervation by basket cells and subcortical transmitter systems. We compare the
modular structure of entorhinal cortex with modular patterns of other retrohippocampal
areas and discuss the possible functional significance of modular patterns in the light of
known retrohippocampal connections.
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5.1 Introduction
In rodents, the entorhinal cortex has recently emerged as a central hub in the circuits
for spatial navigation through the discovery of grid cells (Hafting et al., 2005), which
increase their activity in certain locations, tiling space in a hexagonal grid pattern. The
spatial activity pattern of individual grid cells is modular but there are also modules of
different grid cells along the dorso-ventral axis in entorhinal cortex (Barry et al., 2007;
Brun et al., 2008). A recent detailed study described up to 5 modules of different grid-
spacing in the dorsal half of medial entorhinal cortex (Stensola et al., 2012). So far it
has been difficult to assign a distinct function to the various types of modular structures
in the cerebral cortex (Horton & Adams, 2005; da Costa & Martin, 2010). Therefore,
we aim to provide a map of modular structures in the rat entorhinal cortex, as a basis
for investigations of the structural determinants of function.
5.1.1 Two populations of principal cells in layer 2 of medial entorhinal
cortex
In layer 2 of medial entorhinal cortex there are two distinct principal cell types based
on electrophysiological properties: intrinsically rhythmic neurons and neurons that do
not show intrinsic rhythmicity (Alonso & Llina´s, 1989; Alonso & Klink, 1993). Morpho-
logical identification indicates that intrinsically rhythmic cells are stellate cells, whereas
pyramidal cells are not intrinsically rhythmic (Klink & Alonso, 1997). Recently, Varga et
al. (2010) demonstrated that reelin positive cells show electrophysiological parameters
traditionally assigned to stellate cells whereas electrophysiological properties of calbindin
positive cells are similar to those of pyramidal cells. This suggests a simple scheme of
cellular organization yet there are a variety of intermediate morphologies between stel-
late and pyramidal cells (Canto & Witter, 2012) and at least some stellate cells may be
calbindin positive (Fujimaru & Kosaka, 1996; Wouterlood, 2002). Cells most strongly
immunoreactive for calbindin are often GABAergic cells, such as double bouquet cells in
the primate cortex (DeFelipe, 1997), but in superficial layers of isocortex and entorhinal
cortex, ≈ 90 % of the (weakly) calbindin positive cells are not GABAergic (Kubota et
al., 1994; Peterson et al., 1996). Instead, they show pyramidal morphology (Hayes &
Lewis, 1992).
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5.1.2 Multiple markers of modularity in layer 2 of medial entorhinal
cortex
A number of histochemical markers are distributed in a modular pattern in rodent
medial entorhinal cortex, yet their relation to the principal cell distribution is largely
unknown. In Chapter 4 we demonstrated that acetylcholinesterase patches (Mathisen &
Blackstad, 1964; Slomianka & Geneser, 1991) overlap with clusters of calbindin positive
cells. Other markers revealing modularity include cytochrome oxidase (Burgalossi et
al., 2011), zinc ions (Slomianka, 1992; Slomianka & Geneser, 1997) and a number of
afferent fiber systems such as commissural fibres (Blackstad, 1956), inputs from pre-
subiculum and parasubiculum (Ko¨hler, 1985), and intrinsic connections originating in
layer 5 of medial entorhinal cortex (Ko¨hler, 1986 b). Since calbindin positive cells in
medial entorhinal cortex show a striking geometric order (Fujimaru & Kosaka, 1996)
we ask whether the same is true for reelin positive cells and investigate differences in
their innervation by basket cells. The relations of different modular structures are only
poorly defined in rodents (Witter & Moser, 2006). We use classic histochemical methods
such as cytochrome oxidase staining and staining for synaptic zinc in combination with
immunohistochemical stainings, to clarify the relations between the different markers.
We suggest that this may form a basis for connecting cellular level microcircuits, mod-
ular scale connectivity and possibly modular distribution of cellular function in medial
entorhinal cortex.
5 Modular architecture of superficial layers of the rat retrohippocampal region 99
LEC Lateral entorhinal cortex
MEC Medial entorhinal cortex
Occ Occipital cortex
PaS Parasubiculum
Per Perirhinal cortex
Por Postrhinal cortex
PrS Presubiculum
Rsa Retrosplenial agranular cortex
Rsg Retrosplenial granular cortex
Sub Subiculum
AChE Acetylcholinesterase
CB Calbindin
CCK Cholecystokinin
CO Cytochrome oxidase
CR Calretinin
NADPH β-nicotinamide adenine dinu-
cleotide phosphate diaphorase,
NADPH diaphorase
NeuN neuronal specific nuclear protein
M2 muscarinic acetylcholine receptor
subtype M2
PV Parvalbumin
TH Tyrosine hydroxylase
VGluT3 Vesicular glutamate transporter 3
5-HT Serotonin
Table 5.1: Abbreviations.
5.2 Methods
5.2.1 Animals
Male and female young adult Wistar rats were used in the study. All experimental
procedures were performed according to the German guidelines on animal welfare under
the supervision of local ethics committees.
5.2.2 Tissue Preparation
Animals were anaesthetized by isoflurane, and then euthanized by an intraperitoneal
injection of 20% urethane. They were then perfused transcardially with first 0.9% phos-
phate buffered saline solution, followed by 4% formaldehyde, from paraformaldehyde
(PFA), in 0.1 M phosphate buffer. After perfusion, brains were removed from the skull
and postfixed in PFA overnight. They were then transferred to 10% sucrose solution for
one night and subsequently immersed in 30% sucrose solution for at least one night for
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cryoprotection. The brains were embedded in Jung Tissue Freezing Medium (Leica Mi-
crosystems Nussloch, Germany), and subsequently mounted on the freezing microtome
(Leica 2035 Biocut) to obtain 20-60 µm thick sagittal sections, horizontal sections or
tangential sections parallel to the pia.
Tangential sections of the medial entorhinal cortex were obtained by separating the
entorhinal cortex from the remaining hemisphere by a cut parallel to the surface of the
medial entorhinal cortex. For subsequent sectioning the surface of the entorhinal cortex
was attached to the block face of the microtome.
5.2.3 Histochemistry
Acetylcholinesterase activity: Acetylcholinesterase (AChE) was stained following the
method of Ichinohe et al. (2008) and Tsuji (1998). After washing in a mixture containing
1 ml of 0.1 M citrate buffer (pH 6.2) and 9 ml 0.9% saline (CS), sections were incubated
with CS containing 3 mM CuSO4, 0.5 mM K3Fe(CN)6, and 1.8 mM acetylthiocholine
iodide for 30 min. After rinsing in PB, sections were intensified in PB containing 0.05%
3,3’- Diaminobenzidine (DAB) and 0.03% nickel ammonium sulfate.
Synaptic zinc: After perfusion with a solution containing sodium sulfide, brain sections
to be stained for synaptic zinc were washed thoroughly with 0.1 M PB, followed by 0.01
M PB. This staining method allows to label zinc ions, which are present in presynaptic
terminals of glutamatergic cortico-cortical projection neurons. For the visualisation of
synaptic zinc, sections were developed as described by Danscher (1981). In brief, sections
were exposed to a solution containing gum arabic, citrate buffer, hydroquinone and silver
lactate for 60-120 minutes, in the dark at room temperature. Development of reaction
products was checked under a microscope and terminated by rinsing the sections in 0.01
M PB and, subsequently, several times in 0.1 M PB (Ichinohe & Rockland, 2004).
NADPH diaphorase activity: NADPH diaphorase activity was visualized according to
the protocol of Paxinos et al. (2009). Sections were washed in PB and then incubated
in PB containing 1.35 mM β-NADPH (Sigma, N1630), 305 µM nitroblue tetrazolium
(Sigma, N6876), 1 mM MgCl2, and 0.5% Triton X-100. The incubation was done at
37 ◦C for 30 min and terminated by washing in PB.
Myelin staining: For myelin staining, a variation of the gold-chloride protocol was used
(Schmued, 1990). Briefly, free-floating cryostat sections were incubated for 2-4 hours in
a 0.1% solution of gold chloride in 0.02 M phosphate buffer, pH 7.4, and 0.9% sodium
chloride. After staining, sections were rinsed for 5 min, fixed for 5 min in a 2.5% solution
of sodium thiosulfate, and rinsed again for 30 min before mounting with Mowiol.
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Cytochrome oxidase activity: For cytochrome oxidase staining we used the protocol of
Wong-Riley (1979).
Immunohistochemistry: Tangential, horizontal and sagittal sections were immunostained
for antibodies listed in Table 2. For multiple antibody labeling, antibodies raised in
different host species were combined. In each series of sections the primary antibody
was omitted in one section to control for secondary antibody specificity. This always
led to complete absence of staining. When available, a control antigen was added to
the incubation medium of one section for each series to control for primary antibody
specificity. This always led to a strong reduction in staining intensity.
Calbindin The mouse monoclonal anti-calbindin (CB) antibody was raised using hy-
bridization of mouse myeloma cells with spleen cells from mice immunized with the CB
D-28k that was purified from the chicken gut (Celio et al., 1990). This monoclonal
antibody is not known to cross-react with other known calcium binding-proteins and
specifically stains the 45Ca-binding spot of CB D-28k (MW 28,000, IEP 4.8) of different
mammals in a two-dimensional gel (manufacturer’s technical information).
The rabbit polyclonal anti-CB antiserum was raised against recombinant rat calbindin
D-28k (Airaksinen et al., 1997). It crossreacts with calbindin D-28k from many mam-
malian species. In immunoblots it recognizes a single band of approximately 27-28 kDa
(manufacturer’s technical information).
Parvalbumin The goat polyclonal anti-PV antiserum was raised against rat muscle par-
valbumin (Schwaller et al., 1999). It cross-reacts with some other mammalian species
but does not stain the brain of parvalbumin knock out mice (manufacturer’s technical
information).
Calretinin The monoclonal antibody against calretinin (CR) was produced in mice by
immunization with recombinant human calretinin-22k (Zimmermann & Schwaller, 2002).
The antibody reacts specifically with calretinin in tissue originating from human and
rat and does not cross-react with other known calcium binding-proteins, as determined
by its distribution in the brain, as well as by immunoblots (manufacturer’s technical
information).
Neuronal specific nuclear protein The polyclonal rabbit antibody was raised against
Glutathione S-transferase -tagged recombinant protein corresponding to mouse neuronal
specific nuclear protein (NeuN) (Mullen et al., 1992). This antibody recognizes NeuN at
the N-terminus in several mammalian species. A previous lot of this antibody recognized
2-3 bands in the 46-48 kDa range and possibly another band at approximately 66 kDa
(manufacturer’s technical information).
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Name Species
Catalog
No.
Immunogen Supplier DilutionSpecificity
Anti-
Calbindin
mouse
mono-
clonal
300
Calbindin D-28k puri-
fied from chicken gut
Swant,
Bellinzona,
Switzer-
land
1:5000 Manufacturer
Anti-
Calbindin
rabbit
poly-
clonal
CB38
recombinant rat cal-
bindin D-28k
Swant,
Bellinzona,
Switzer-
land
1:5000 Manufacturer
Anti-
Parvalbumin
goat
poly-
clonal
PVG214 rat muscle parvalbumin
Swant,
Bellinzona,
Switzer-
land
1:5000 Manufacturer
Anti-
Calretinin
mouse
mono-
clonal
6B3
recombinant human
calretinin-22k
Swant,
Bellinzona,
Switzer-
land
1:5000 Manufacturer
Anti-NeuN
rabbit
poly-
clonal
ABN78
GST-tagged recom-
binant protein cor-
responding to mouse
NeuN
Millipore,
Billerica,
MA,
USA
1:1000 Manufacturer
Anti-
tyrosine
hydroxy-
lase
mouse
mono-
clonal
MAB318
Tyrosine Hydroxylase
purified from PC12
cells
Millipore,
Billerica,
MA,
USA
1:1000 Manufacturer
Anti-
serotonin
rabbit
poly-
clonal
AB125
5-Hydroxytryptamine-
glutaraldehyde-Poly-
lysine
Millipore,
Billerica,
MA,
USA
1:1000 Manufacturer
Anti-M2
receptors
rat
mono-
clonal
MAB367
i3 loop of m2 recep-
tor fusion protein (225-
359), fused to Glu-
tathione S-transferase
Millipore,
Billerica,
MA,
USA
1:1000 Manufacturer
Anti-CCK
goat
poly-
clonal
sc-
21617
peptide mapping near
the C-terminus of CCK
of human origin
Santa
Cruz
Biotech-
nology,
CA, USA
1:500 Manufacturer
Table 5.2: Primary Antibodies Used in this Study
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Tyrosine hydroxylase The monoclonal antibody was raised against tyrosine hydroxylase
(TH) purified from PC12 cells (Croft et al., 2005). It recognizes an epitope on the
outside of the regulatory N-terminus in a wide range of vertebrate species and recog-
nizes a protein of approximately 59-61 kDa by Western blot (manufacturer’s technical
information).
Serotonin The polyclonal rabbit antibody was produced against 5-Hydroxytryptamine-
glutaraldehyde-Poly-lysine (Geffard et al., 1985). This antibody has been reported to
stain a pattern of cellular morphology and distribution identical to previous reports of
serotonergic neurons (Lu et al., 2006).
M2 receptors The monoclonal rat antibody was raised against the i3 loop of m2 receptor
fusion protein (225-359), fused to Glutathione S-transferase (Levey et al., 1995). It
recognizes a full length m1 protein in mice and rats. It has exhibited no cross reactivity
with other muscarinic proteins tested so far (manufacturer’s technical information).
Cholecystokinin The affinity purified goat polyclonal antibody was raised against a pep-
tide mapping near the C-terminus of cholecystokinin (CCK) of human origin. This
antibody recognizes CCK in a wide range of mammalian species (manufacturer’s tech-
nical information; Bombardi et al., 2010).
For the immunostainings processed with DAB, first, the endogenous peroxidases were
blocked by incubating methanol containing 0.3% hydrogen peroxide in the dark at room
temperature (RT) for 30 mins. Rinses were carried out between all incubation steps
with 0.1 M phosphate buffered saline (PBS). They were then pre-incubated in a blocking
solution containing 0.1 M PBS, 2% Bovine Serum Albumin (BSA) and 0.5% Triton X-
100 (PBS-X) for an hour. Following this, the primary antibody was diluted as described
above with PBS-X and 1% BSA and incubated overnight at 4 ◦C.
Subsequently, the appropriate biotinylated secondary antibody (Vectorlabs, Burlingame
CA, USA; 1:200) was diluted with PBS-X and the sections were incubated in this so-
lution for two hours at RT. Then, sections were incubated in freshly prepared avidin
biotin complex (ABC kit, PK-6100, Vectorlabs, Burlingame CA, USA) solution in PBS.
Peroxidase was visualized using DAB histochemistry.
In some cases, in addition to DAB staining, alkaline phosphatase (Vectorlabs, Burlingame
CA, USA; 1:200), was used for dual color immunohistochemistry for light microscopy.
Alkaline phosphatase was diluted with PBS-X and the sections were incubated in this
solution overnight. Alkaline phosphatase was visualized using Vector Blue (Vector Blue
Alkaline Phosphatase Substrate Kit, SK-5300, Vectorlabs, Burlingame CA, USA).
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For immunofluorescence, the sections were pre-incubated as above prior to incubating
in the primary antibodies. Subsequently, secondary antibodies conjugated to different
fluorophores (Invitrogen; 488 nm, 546 nm, 633 nm excitation wavelength) and reactive
to different species were diluted (1:500) with PBS-X to incubate the sections for two
hours, in the dark, at RT.
After the staining procedure, sections were mounted on gelatin coated glass slides and
cover-slipped with Mowiol, Vectashield (H-1000, Vectorlabs, Burlingame CA, USA) or
Fluoromount (0100-01, Southern Biotech, Birmingham AL, USA) mounting medium.
5.2.4 Light and fluorescence microscopy
An Olympus BX51 microscope (Olympus, Shinjuku Tokyo, Japan) was used to view the
images using bright field microscopy. The microscope was equipped with a motorized
stage (LUDL Electronics, Hawthorne NY, USA) and a z-encoder (Heidenhain, Shaum-
burg IL, USA). Images were captured using a MBF CX9000 (Optronics, Goleta CA,
USA) camera using Neurolucida or StereoInvestigator (MBF Bioscience, Williston VT,
USA).
A Leica DM5500B epifluorescence microscope with a Leica DFC345 FX camera (Leica
Microsystems, Mannheim, Germany) was used to image the immunofluorescent sections.
Alexa fluorophores were excited using the appropriate filters (Alexa 488 - L5, Alexa 546
- N3, Alexa 633 - Y3). The fluorescent images were acquired in monochrome and colour
maps were applied to the images post acquisition.
Post hoc linear brightness and contrast adjustment were applied uniformly to the image
under analysis.
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5.3 Results
5.3.1 Reelin positive cells form a lattice surrounding calbindin patches
The study of Varga et al. (2010) related two immunohistochemical markers, calbindin
and reelin, to distinct electrophysiological cell types. Figures 5.1A, 5.1B, 5.1C show a
tangential section through upper layer 2 of medial entorhinal cortex stained for reelin
and calbindin immunoreactivity. Reelin positive cells are densely packed but leave out
patches lacking reelin positive cells (arrows in Fig. 5.1A). These patches contain a high
density of calbindin positive cells (Fig. 5.1B, 5.1C). Figure 5.1D shows a tangential
section stained for reelin immunoreactivity. This section includes a large part of upper
layer 2 of medial entorhinal cortex and ventro-laterally the transition to lateral entorhi-
nal cortex. The reelin positive cells leave out a regular array of (calbindin) patches.
Figure 5.1E shows a higher magnification view from Figure 5.1D, highlighting the reg-
ular pattern of patches lacking reelin positive cells. Another high magnification view,
from a section at the layer 1/2 border, shows that reelin positive cells form ring-like
structures surrounding calbindin patches (Fig. 5.1F). For an overview of the entorhinal
cortex in tangential, horizontal and sagittal sections, see Chapter 1, Figure 1.2.
5.3.2 Calbindin positive and negative cells differ in innervation by bas-
ket cells
Varga et al. (2010) show that cholecystokinin positive basket cell terminals specifically
innervate calbindin positive cells using VGluT3 as an indirect marker (Somogyi et al.,
2004). We find that cholecystokinin immunoreactivity in medial entorhinal cortex layer
2 occurs in clusters (Fig. 5.2A; Ko¨hler, 1986 a). Figures 5.2B and 5.2C shows that
cholecystokinin terminals are prominent surrounding calbindin positive cells. A higher
magnification view (Fig. 5.2D) illustrates that cholecystokinin positive puncta form
baskets surrounding calbindin positive cells. In contrast, parvalbumin positive neuropil
surrounds nearly all cells in layer 2 (Fig. 5.2E). Figures 5.2F and 5.2G shows parval-
bumin positive neuropil are prominent surrounding calbindin positive cells. A higher
magnification view (Fig. 5.2H) illustrates that parvalbumin positive puncta form baskets
surrounding calbindin positive cells.
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Figure 5.1: Reelin positive cells form a lattice surrounding calbindin patches. A,
Tangential section through upper layer 2 of medial entorhinal cortex stained for reelin
immunoreactivity. Neurons are densely distributed but leave out patches lacking reelin
positive cells (arrows). B, Same section as in A co-stained for calbindin, showing
calbindin patches. C, Overlay of A and B, showing non-overlapping distribution of reelin
and calbindin positive cells. D, Tangential section stained for reelin immunoreactivity.
This section includes a large part of upper layer 2 of medial entorhinal cortex and
ventro-laterally the transition to lateral entorhinal cortex. The reelin positive cells
leave out a regular array of (calbindin) patches (arrows). E, Higher magnification view
of the same section as in D. F, Higher magnification view of a tangential section at
the layer 1/2 border. Reelin positive cells form rings surrounding calbindin patches
(arrows). Scale bars: C = 250 µm (also for A, B); D, E, F = 250 µm.
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Figure 5.2: Calbindin positive and negative cells differ in innervation by basket cells.
A, Tangential section stained for cholecystokinin. B, Same section as in A co-stained for
calbindin, showing a calbindin patch. C, Overlay of A and B, showing overlap between
cholecystokinin and calbindin staining patterns. D, High magnification view from C.
Arrows indicate cholecystokinin immunoreactivity around calbindin positive cells. E,
Tangential section stained for parvalbumin. F, Same section as in E co-stained for
calbindin, showing a calbindin patch. G, Overlay of E and F, showing overlap between
parvalbumin and calbindin staining patterns. H, High magnification view from G.
Arrows indicate parvalbumin immunoreactivity around calbindin positive and negative
cells. Scale bars: A = 50 µm (also for A, B, E, F, G); D, H = 25 µm.
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5.3.3 Histochemical demonstration of an alternative pathway through
layer 2 of medial entorhinal cortex
Based on overlapping modular organization of calbindin positive cells and acetylcholinesterase
(Chapter 4) we asked how synaptic zinc is distributed in medial entorhinal cortex. Stain-
ing for synaptic zinc reveals a different kind of modular organization in medial entorhinal
cortex (Fig. 5.3A). The staining intensity of synaptic zinc increases slowly from dorsal
to ventral in medial entorhinal cortex and strongly in the transition to lateral entorhinal
cortex (Haug, 1973). Staining the same section for calbindin immunoreactivity reveals
discrete islands of calbindin positive cells (Fig. 5.3B), but higher magnification views
show them to be largely nonoverlapping with increased staining for synaptic zinc (Figs.
5.3C, 5.3D, 5.3E). This relation is not as strict as the alignment of acetylcholinesterase
and calbindin positive patches, especially in the most ventral part of medial entorhinal
cortex that has a higher density of smaller zinc positive islands which in some cases
overlap with calbindin patches. Figure 5.3F shows a sagittal section stained for synaptic
zinc. There is little synaptic zinc in upper layer 1, somewhat irregularly sized patches
of increased staining for synaptic zinc at the layer 1/2 border. Lower layer 2 shows
low intensity of staining for synaptic zinc while it is high in layer 3. The same section
stained for calbindin immunoreactivity (Fig. 5.3G) and the overlay (Fig. 5.3H) show
that dendritic bundles formed by calbindin positive cells to a large extend avoid the
regions of increased synaptic zinc staining.
5.3.4 Overlap of cytochrome oxidase patches and calbindin patches
A horizontal section through dorsal medial entorhinal cortex stained for NeuN, calbindin,
and cytochrome oxidase activity is shown Figures 5.4A-D. In medial entorhinal cortex,
calbindin positive cells align with increased cytochrome oxidase activity, although cy-
tochrome oxidase activity is more widely spread than the more discrete calbindin patches.
Staining for cytochrome oxidase in tangential sections usually has the appearance of a
web of interconnected islands unlike the most commonly discrete patches of calbindin
positive cells. Figures 5.4E-H show a more ventral horizontal section containing a part
of (ventral) medial entorhinal cortex and lateral entorhinal cortex. The approximate
border is indicated by a black triangle. In superficial layers of lateral entorhinal cortex
calbindin positive and calbindin negative cells split into two different layers. Here only
the upper, calbindin negative layer shows cytochrome oxidase activity (Fig. 5.4H).
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Figure 5.3: Relation of zinc positive modules to calbindin patches. A, Tangential
section stained for synaptic zinc ions, showing discrete clusters of staining. B, Same
section as in A co-stained for calbindin, showing calbindin patches. C, High magnifica-
tion view from A. D, High magnification view from B. E, Overlay of C and D, showing
largely non-overlapping zinc and calbindin staining patterns. F, Sagittal section stained
for synaptic zinc ions, showing discrete clusters of staining. G, Same section as in F
co-stained for calbindin, showing calbindin patches. H, Overlay of E and F, showing
largely non-overlapping zinc and calbindin staining patterns. Scale bars: A = 250 µm
(also for B); C = 250 µm (also for D, E); F = 250 µm (also for G, H). d = dorsal, v =
ventral.
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Figure 5.4: Relation of cytochrome oxidase modules to calbindin patches. A, Horizon-
tal section through dorsal medial entorhinal cortex stained for NeuN. B, Same section
as in A co-stained for calbindin, showing calbindin patches. C, Same section as in A
stained for cytochrome oxidase (CO) activity, showing discrete clusters of staining. D,
Overlay of A, B and C, showing overlap between the cytochrome oxidase activity and
calbindin staining. E, Horizontal section through lateral and ventral medial entorhinal
cortex stained for NeuN. The marker shows the approximate border between the areas.
F, Same section as in E co-stained for calbindin, showing calbindin patches. G, Same
section as in E stained for cytochrome oxidase activity, showing discrete clusters of
staining. H, Overlay of A, B and C, showing overlap between the cytochrome oxidase
activity and calbindin staining in ventral medial entorhinal cortex but not in later en-
torhinal cortex where the layer above the calbindin positive cells has higher cytochrome
oxidase activity. Scale bars: A = 250 µm (also for B, C, D); E = 250 µm (also for F,
G, H). l = lateral, m = medial, r = rostral, c = caudal.
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5.3.5 Fiber systems in layer 1 of medial entorhinal cortex
The entorhinal cortex is connected with a multitude of cortical and subcortical regions
(Witter et al., 1989). Here we describe different subsets of axons located in layer 1 of
entorhinal cortex. These axons are best visible at the top or above the calbindin posi-
tive cell clusters. All of these different axon systems show the same preferred diagonal
orientation while only a few axons run in an oblique direction. In general, fibres run
parallel to the entorhinal / perirhinal border and orthogonal to the medial entorhinal
/ lateral entorhinal border while towards the parasubiculum they curve slightly ven-
tral (Fig. 5.5A, 5.5B). Myelin staining shows a subset of fast-conducting axons. Dense
myelin staining marks the medial entorhinal / parasubiculum border and the cellular
clusters of the parasubiculum are surrounded by myelinated fibre bundles (Fig. 5.5A).
Staining for acetylcholinesterase activity shows axon segments with the same preferred
direction as the myelinated fibres (Fig. 5.5B). As shown previously, staining for vesicular
acetylcholine transporter immunoreactivity shows a similar pattern of fibers and puta-
tive release sites of acetylcholine. The different fibres often run in between the calbindin
patches. Staining for a certain fibre system and calbindin in the same section reveals
that calbindin patches are ordered along the same direction as the fibre systems. This is
illustrated for tyrosine hydroxylase containing fibres (Fig. 5.5C) and serotonergic fibres
(Fig. 5.5D) in combination with calbindin staining using two-color immunohistochem-
istry. Axons were stained red-brown using peroxidase / DAB and calbindin positive
cells were stained blue-black using alkaline phosphatase / tetrazolium blue. Figure 5.5C
shows a higher magnification view of dorsal medial entorhinal cortex oriented in same
way as the section above. Most of the tyrosine hydroxylase positive fibres are running
in the same orientation as described for myelin but some can be seen entering calbindin
patches or running in an oblique direction (Fig. 5.5C). Similarly, most serotonergic fi-
bres are running in the same orientation as described for myelin but some can be seen
entering calbindin patches or running in an oblique direction (Fig. 5.5D).
5.3.6 Overview of modular structures adjacent to entorhinal cortex
In occipital (or visual) cortex, zinc positive axon terminals at the border of layer 1
and 2 form a dense network of islands and elongated stripes (Ichinohe et al., 2003) that
extends across the whole visual cortex (Fig. 5.6A). Retrosplenial granular cortex shows a
pattern of a large number of small acetylcholinesterase positive islands of various shapes
in deep layer 1 (Fig. 5.6B; Wyss et al., 1990). Immunohistochemical staining for M2
receptors shows a strikingly similar pattern (Fig. 5.6C). Towards more superficial layer
1 the sizes of the islands increase until they join to form a grid and finally a continuous
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Figure 5.5: Axonal architecture in layer 1 of medial entorhinal cortex. A, Tangential
section stained for myelinated axons. Myelin density is highest at the border of medial
entorhinal cortex and parasubiculum and in between parasubicular modules. B, Tan-
gential section stained for acetylcholinesterase activity. Clusters of acetylcholinesterase
activity are only faintly visible in layer 1 compared with sections at the layer 1 /
2 border. C, Higher magnification view of a tangential section stained for calbindin
(blue-black) and tyrosine hydroxylase (red-brown). D, Higher magnification view of a
tangential section stained for calbindin (blue-black) and serotonin (5-HT, red-brown).
Scale bars: A = 500 µm (also for B); C = 250 µm; D = 250 µm.
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densely stained region at the surface of layer 1 (Wyss et al., 1990; Ichinohe, 2012).
The presubiculum is organized into different cellular modules from early development
on (Nishikawa et al., 2002) and contains clear cytochrome modules in adult animals
(Gonzalez-Lima & Cada, 1998). These patches also stain for acetylcholinesterase (Fig.
5.6D) and NADPH diaphorase (Fig. 5.6E). They are surrounded by calbindin positive
cells (Fig. 5.6F; Fujise et al., 1995) and in general contain very few neurons (Figs.
5.6G, 5.6H). As in retrosplenial granular cortex, M2 receptor neuropil staining in the
presubiculum closely matched the modular distribution of acetylcholinesterase (data
not shown). The border between parasubiculum and medial entorhinal cortex is marked
by a semicircle of calbindin patches (Fig. 5.6I). This calbindin semicircle is located
medial to intense staining for several markers such as acetylcholinesterase, zinc ions
and cytochrome oxidase which have been classically used to define the border of the
parasubiculum (Mathisen & Blackstad, 1964; Slomianka, 1992; Burgalossi et al., 2011).
The ”patch free zone” between the outer semicircle of calbindin cells and the medial
calbindin patches described in Chapter 4 consists of two parts. In the more lateral
part calretinin positive cells in layer 3 and layer 2 and their dendrites form discrete
clusters along the dorso-ventral axis (Fig. 5.6J; Fujimaru & Kosaka, 1996; Miettinen et
al., 1997). The more medial part consists of densely packed neurons and contains an
increased density of parvalbumin positive cells and neuropil (Fig. 5.6K). Burgalossi et
al. (2011) estimated that there are 25 parasubicular patches. The discrete structure of
parasubicular patches is evident in superficial sections stained for cytochrome oxidase
(Burgalossi et al., 2011), myelin showing the septae of the patches (Fig. 5.5A; Burgalossi
et al., 2011) or parvalbumin (Figs. 5.6K). Figure 5.6L shows an overlay of Figures 5.6I,
5.6J, 5.6K illustrating the transition from medial entorhinal cortex calbindin patches
(lateral), calretinin patches, increased density of parvalbumin neuropil, again calbindin
patches and finally parvalbumin positive parasubicular patches (medial).
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Figure 5.6: Overview of modular structures adjacent to entorhinal cortex. A, Tan-
gential section at the layer 1/2 border of occipital (visual) cortex stained for synaptic
zinc. B, Tangential section at the layer 1/2 border of retrosplenial granular cortex
stained for acetylcholinesterase activity. C, Tangential section at the layer 1/2 border
of retrosplenial granular cortex stained for M2 acetylcholine receptor immunoreactiv-
ity. D, Tangential section at the layer 1/2 border of presubiculum stained for acetyl-
cholinesterase activity. E, Tangential section at the layer 1/2 border of presubiculum
stained for NADPH diaphorase activity. F, Tangential section at the layer 1/2 border
of presubiculum stained for calbindin. G, Tangential section at the layer 1/2 border
of presubiculum stained for NeuN. H, Overlay of E, F, G. I, Tangential section at the
layer 1/2 border of parasubiculum stained for calbindin. J, Tangential section at the
layer 1/2 border of parasubiculum stained for calretinin. K, Tangential section at the
layer 1/2 border of parasubiculum stained for parvalbumin. L, Overlay of I, J, K. Scale
bars: C = 1 mm (also for A, B, D, E, F, G, H, I, J, K, L).
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5.4 Discussion
Understanding the functional anatomy of medial entorhinal cortex requires integrating
information at the level of microcircuits, modular structures and interareal connectiv-
ity. Figure 5.7 summarizes current knowledge about microcircuits (Burgalossi & Brecht,
2014). Reelin positive stellate cells and calbindin positive pyramidal cells are the major
principal cells of layer 2 of medial entorhinal cortex (Varga et al., 2010). They dif-
fer in their innervation by basket cells: parvalbumin positive processes surround both
calbindin positive and reelin positive cells whereas cholecystokinin positive processes
only surround calbindin positive cells (Varga et al., 2010; Armstrong & Soltesz, 2012).
Cholecystokinin and parvalbumin positive presynaptic processes form opposing density
gradients along the dorso-ventral axis (Ko¨hler & Chan-Palay, 1982; Beed et al., 2013),
which may correlate with the constant overall density of GABAergic preterminal ele-
ments (Beed et al., 2013). Stellate cells excite inhibitory cells which in turn inhibit other
stellate cells (Couey et al., 2013). The interneurons are likely to be parvalbumin positive
due to the high density of parvalbumin positive cells compared to other inhibitory cells
and the matching high probability of connections (Couey et al., 2013). Both pyramidal
and stellate cells receive excitatory intralaminar input (Kumar et al., 2007; Beed et al.,
2010). Stellate cells do not form excitatory connections to other stellate cells (Dhillon
& Jones, 2000; Pastoll et al., 2013; Couey et al., 2013) but may form excitatory con-
nections to pyramidal cells (Pastoll et al., 2013; Couey et al., 2013), whereas pyramidal
cells are the likely source of excitatory input to stellate cells and other pyramidal cells
(Beed et al., 2010; Couey et al., 2013). This is a likely scenario, since isocortical pyra-
midal cell microcircuits have recurrent excitatory connections (DeFelipe & Jones, 2010),
although these circuits have not been described quantitatively. Also, direct evidence
for connectivity among calbindin positive pyramidal cells of layer 2 of medial entorhinal
cortex is lacking. In addition, a third non-GABAergic cell type has been described: cal-
retinin positive neurons. These cells are few in number in the medial entorhinal cortex
and although calretinin has been described as an interneuron marker, most of them are
excitatory (Wouterlood et al., 2000; Wouterlood et al., 2008). The morphology and
physiology has not yet been studied in detail.
5.4.1 Cholinergic and zincergic input to superficial layers of medial
entorhinal cortex
Previous descriptions of modular distribution of histochemical markers in superficial
layers of medial entorhinal cortex of rodents include clusters of calbindin positive cells
(Fujimaru & Kosaka, 1996), zinc positive terminals (Slomianka & Geneser, 1997) and
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Figure 5.7: Schematic microcircuit of layer 2 in medial entorhinal cortex. Parvalbu-
min (PV, blue connections) positive neurons innervate both reelin (Rel) positive and
calbindin (CB) positive neurons whereas cholecystokinin (CCK, orange connection) pos-
itive neurons only innervate calbindin positive neurons. Putative reelin positive stellate
cells do not excite other stellate cells but may excite parvalbumin and calbindin positive
cells (dashed red connections). Putative calbindin positive pyramidal cells may excite
other stellate and pyramidal cells (dashed green connection).
acetylcholinesterase patches (Slomianka & Geneser, 1991), yet the interrelation of these
different markers was unknown. These techniques employ conventional light microscopy
which does not allow visualization of synaptic contacts. Still, it is possible to infer
connectivity by staining specific presynaptic and postsynaptic elements. High densities
of such dendrites and axons in a given region imply a high probability of connections
between these elements. This is known as “Peters’ rule” and is based on the assumption
that axons target dendrites locally in a random fashion (Peters & Feldman, 1976; Brait-
enberg & Schu¨z, 1991; Helmstaedter & Feldmeyer, 2010). Exceptions to Peters’ rule are
common, for example some retrohippocampal afferents have a selective terminal distri-
bution in superficial layers of medial entorhinal cortex but still contact cells from all
layers monosynaptically (Canto et al., 2012). Since calbindin positive dendritic bundles
overlap with markers of cholinergic axon terminals we would predict a high probability
of connections. Cholinergic activation slightly modulates stellate cell activity but dra-
matically changes pyramidal cell firing properties from regular tonic firing into a slow
repetitive bursting mode (Klink & Alonso, 1997). We found that calbindin positive
cells are more theta modulated than calbindin negative cells which may correlate with
the increased density of cholinergic terminals surrounding calbindin positive cells. We
have shown an alternative pathway through medial entorhinal cortex which could be
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mediated by zinc positive axon terminals. They are preferentially concentrated outside
of calbindin patches and overlap with a fraction of the reelin positive cells. Yet reelin
positive cells are not known to form dendritic bundles in between calbindin patches
and no physiological correlate of zincergic input to medial entorhinal cortex has been
discovered.
5.4.2 Relation of reelin and calbindin positive cells to cytochrome ox-
idase patches
We found that cytochrome oxidase patches in entorhinal cortex (Burgalossi et al., 2011)
are overlapping with calbindin patches in medial entorhinal cortex but overlap with
calbindin negative patches in lateral entorhinal cortex (Fig. 5.4D, 5.4H). In addition,
staining for cytochrome oxidase activity in medial entorhinal cortex usually stains a
wider area than that covered by calbindin patches including at least part of the lattice
of reelin positive cells. Since calbindin patches also contain calbindin negative cells,
further studies are necessary to decide whether calbindin positive or calbindin negative
cells have a higher cytochrome oxidase activity.
5.4.3 Overview of modular structures in the parahippocampal region
Cholinergic and zincergic modules are not exclusive to medial entorhinal cortex. In
several adjacent areas such as retrosplenial granular cortex and presubiculum acetyl-
cholinesterase staining shows a strikingly modular distribution. Curiously, the same is
true for several distant brain regions, such as the superior colliculus (Chevalier & Mana,
2000) or the striatum (Graybiel & Ragsdale, 1978) where acetylcholinesterase is also
colocalized with calbindin positive cells (Gerfen et al., 1985). However, it is not known
whether these circuit elements would enable similar functions in these different brain
regions. In the basal forebrain, where many cholinergic fibres originate, cholinergic cells
form hundreds of distinct clusters (Zaborszky, 2002; Nadasdy et al., 2010; Zaborszky
et al., 2012), but at present it is not known how they relate to modular terminations
of cholinergic fibres in the entorhinal cortex or elsewhere. Staining acetylcholinesterase
activity in retrosplenial granular cortex and presubiculum reveals distinct clusters as
in medial entorhinal cortex but also reveals a number of differences: 1. Each area has
a distinct density and distribution of acetylcholinesterase activity clusters. 2. Medial
entorhinal cortex does not show a matching M2 receptor distribution (data not shown;
Rouse & Levey 1996; Wang & Burkhalter 2011). 3. Calbindin positive cells in presubicu-
lum form a lattice surrounding acetylcholinesterase activity clusters, whereas there are
few calbindin positive cells in superficial layers of retrosplenial granular cortex. Figure
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5.8A reviews the areal and modular organization of superficial layers of the entorhinal
cortex and adjacent cortical areas. Modular structures in medial entorhinal cortex, para-
subiculum, presubiculum, retrosplenial granular cortex and occipital cortex were drawn
from sections from Chapter 4 and 5 which were aligned at the entorhinal / parasubicular
border. Figure 5.8B shows an idealized scheme of the modular architecture of medial
entorhinal cortex and the adjacent parasubiculum adapted from Figure 3 of Witter &
Moser (2006). Modular structures in layer 1 and 2 are depicted in a simplified way on
the surface and the sides of layer 2. Calretinin cells form translaminar clusters with the
highest density of cells in layer 3 (Miettinen et al., 1997). Pyramidal cells in layer 3 and
5 are displayed as in Figure 3 of Witter & Moser (2006); they form dendritic bundles
which are assumed to terminate in between calbindin patches (Hamam et al., 2000; van
Haeften et al., 2003; Wouterlood et al., 2004; Witter & Moser, 2006).
5.4.4 Modular connectivity
While the area-to-area connectivity is relatively well-known in the entorhinal cortex
(Witter et al., 1989; van Strien et al., 2009) and recent progress in serial section elec-
tron microscopy (Denk et al., 2012) may soon reveal the entire connectivity within
one entorhinal module, very little is known about connectivity at an intermediate scale
(Bohland et al., 2009). How are groups of neurons such as calbindin positive cells in
entorhinal modules connected to neighbouring modules or to modules in neighbouring
cortical areas?
5.4.5 Connections from Presubiculum and Parasubiculum
Ko¨hler (1985) traced inputs from the presubiculum and parasubiculum to the medial
entorhinal cortex and found them to terminate in modular alternating clusters (red and
blue arrows in Fig. 5.9). Staining projections from presubiculum labels preferentially
axons in layer 3 and layer 1 and thin septa in layer 2 while projections from parasubicu-
lum terminate in relatively large clusters in layer 2 (Witter et al., 1989; van Groen &
Wyss, 1990). Small injections into the presubiculum do not label the entire medial en-
torhinal cortex but rather a band in dorsal medial entorhinal cortex orthogonal to the
border of medial and lateral entorhinal cortex (Honda & Ishizuka, 2004). Although pro-
jections from superficial layers of presubiculum predominantly terminate in superficial
layers of medial entorhinal cortex (Ko¨hler, 1985), they also contact apical dendrites of
layer 5 pyramidal cells (Wouterlood et al., 2004). Taken together, we hypothesize that
the parasubicular afferents preferentially target calbindin patches, whereas presubicular
afferents preferentially target the space in between. This is supported at the single cell
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Figure 5.8: Overview of modular structures in the superficial layers of medial en-
torhinal cortex and neighboring regions. A, Overview of modular structures in the
superficial layers of medial entorhinal cortex and neighboring regions. Sections stained
for different markers were aligned at the entorhinal / parasubicular border and modular
structures drawn. B, Schematic illustration of modular structures in the dorsal medial
entorhinal cortex and parasubiculum, adapted from Witter & Moser (2006) Scale bars:
A = 1 mm.
level by the identification of ”centripetal” axons that originate in large parasubicular
patches and target medial entorhinal patches (Burgalossi et al., 2011).
5.4.6 Input of diverse transmitter systems to the entorhinal cortex
Several transmitter systems send strong projections to the entorhinal cortex (green ar-
rows in Fig. 5.9). Serotonergic fibres originate in the midbrain raphe nuclei, enter the
entorhinal cortex predominantly from a ventral direction and curve towards the para-
subiculum (Ko¨hler et al., 1981). Cholinergic fibres originate in the medial septum and
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Figure 5.9: Modular connectivity of the entorhinal region. A schematic illustration
shows connections from superficial layers of presubiculum (red) and parasubiculum
(blue) to superficial layers of entorhinal cortex. Injections at one point in presubiculum
or parasubiculum label a band of sites in medial entorhinal cortex orthogonal to the
lateral / medial entorhinal cortex border. Different fibres in layer 1 of entorhinal cortex
such as serotonergic, myelinated, cholinergic or tyrosine hydroxylase positive axons are
indicated in green. Intrinsic connections from deep to superficial layers of entorhinal
cortex are labeled orange. Three black outlines show putative modules containing grid
cells of the same size. They are oriented parallel to one axis of the calbindin patches,
the preferred direction of layer 1 fibres and the bands of inputs from presubiculum and
parasubiculum.
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project to entorhinal cortex (Alonso & Ko¨hler, 1984), but also GABAergic (Ko¨hler et
al., 1984) and glutamatergic basal forebrain neurons (Manns et al., 2001) project to
entorhinal cortex. Axonal terminals containing cholecystokinin, parvalbumin and zinc
have been demonstrated in superficial layers of entorhinal cortex but their origin has
not been traced. Cholecystokinin and parvalbumin positive terminals likely originate
locally; neurons containing these markers are present in entorhinal cortex (Ko¨hler, 1986
a). Very few zinc-containing neurons have been found in entorhinal cortex; all of them
in deep layers (Slomianka, 1992). The zinc positive terminals in layer 2 of entorhinal
cortex may originate in the pre - and parasubiculum, because the appearance of zinc
staining in superficial layer of entorhinal cortex coincides with the appearance of many
zinc-containing cells in the pre- and parasubiculum (Slomianka & Geneser, 1997).
5.4.7 Intraentorhinal modular connectivity
Injections of anterograde tracers in deep layers of MEC reveal an intraentorhinal projec-
tion pattern to several modules of superficial entorhinal cortex at a more ventral level
(Ko¨hler, 1986 b; orange arrows in Fig. 9). Layer 2 entorhinal stellate and pyramidal
cells have axon collaterals projecting to superficial layers (Lorente de No, 1933; Klink
& Alonso, 1997). These axon collaterals usually branch off from a descending axon and
reenter superficial layers only at a considerable distance (Lorente de No, 1933). In a
recent study Burgalossi et al., (2011) found that 15 out of 18 well labeled cells in super-
ficial layers of medial entorhinal cortex had a “centrifugal” axon. These axons travel for
a long distance and target a single large patch in the parasubiculum (Burgalossi et al.,
2011).
In summary, we propose that several patches aligned along the axis of preferred direction
of fibres in layer 1 and with similar inputs from presubiculum and parasubiculum form
discrete modules (black outlines in Fig. 9). These modules may correspond to functional
modules.
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Chapter 6
General Discussion
Neurons are the fundamental building elements of the cerebral cortex. They are col-
lectively organized into microcircuits, modules and cortical areas. Much of what we
know about cortical function comes from studies at the single cell-level, where elemen-
tary (Hubel & Wiesel, 1959) and highly derived features (Gross et al., 1977; Quiroga et
al., 2005) are encoded. At the same time the function of anatomically defined cortical
modules or even entire cortical areas has remained elusive (Horton & Adams, 2005; da
Costa & Martin, 2010). This may be due to the large number of possible interactions
between cortical cells (Koch, 2012) and the lack of knowledge about cellular-level cor-
tical connectivity (Denk et al., 2012). These obstacles may be overcome by studying
simpler model animals and by developing novel technology to observe brain function at
a large scale and with high resolving power (Laurent, 2006; Alivisatos et al., 2012).
In my doctoral thesis I studied the neurobiology and cortical structure of the Etruscan
shrew - a new model animal for neurobiological research. In addition, I studied the
modular structure of the entorhinal cortex of the rat as an example of cortical modular
architecture. Both studies were initiated to provide an anatomical basis for study-
ing structure-function relationships in the cerebral cortex. The small size of the Etr-
uscan shrew’s brain offers particular advantages for understanding cortical activity at the
multi-cell level, both due to its small number of cortical neurons and its intrinsic advan-
tages for optical imaging approaches. The entorhinal cortex contains both well-defined
functional and anatomical modules and provides a unique opportunity for studying their
interrelation.
In Chapter 2 we reviewed the behavior and neurobiology of the Etruscan shrew, Suncus
etruscus, one of the smallest mammals and together with the star-nosed mole (Catania
& Remple, 2005) also one of the fastest and most tactile hunters. Etruscan shrews show
a wide range of fascinating social, exploratory and sophisticated prey-capture behaviors
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(Anjum, 2010; Anjum & Brecht, 2012). When hunting, shrews tackle a complex task:
in darkness they detect, overwhelm and kill their insect prey, a fast moving target that
is almost as big as the shrew itself. A general characteristic of shrews is their elongated
snout covered by a large array of whiskers which are rhythmically moved to explore
the environment by touch. Removal experiments indicate that whiskers are required for
hunting, and particularly for attack targeting (Anjum et al., 2006). Experiments with
dummy prey objects showed that shrews attacked a plastic replica of a cricket but other
similarly sized objects were ignored. Thus, tactile shape cues are both necessary and
sufficient for evoking attacks and the visual and auditory sense are unlikely to play a
major role in prey recognition. Several cortical areas comprising collectively about a
third of the cortical volume respond to vibrissal touch which corresponds with the Etr-
uscan shrews’ behavioral specialization. One reason for their behavioral specialization
may be their extraordinarily high energy turnover. The Etruscan shrews’ large sur-
face to volume ratio translates into the highest mass-specific oxygen consumption and
metabolic rate of all mammals (Ju¨rgens, 2007), a heart rate of over 1000 min−1 at rest
and a breathing rate of 300 min−1 (Weibel et al., 1980). Etruscan shrews can enter a
torpid state and reduce their body temperature which can cause an increase in cortical
response latencies by two to three times, suggesting that endothermy is important for
high-speed sensorimotor performance but cannot be maintained at all times. Only be-
cause Etruscan shrews are highly efficient hunters are they able to meet these extreme
metabolic demands, which in turn pose important requirements on the organization of
their specoes specific sensory world and brain structure. In Chapter 3 we studied the
cortical organization of the Etruscan shrew. Because of its small size quantitative anal-
ysis of the Etruscan shrew cortex is more tractable than in other animals. One cortical
hemisphere contains only about 1 million neurons which is on the order of the number
of neurons found in some insect brains. Cytoarchitecture as well as histochemical and
immunohistochemical staining revealed 13 cortical regions - a large number considering
the small size of the shrew’s brain and the possibility of further subdividing some of
these regions into discrete cortical areas. Etruscan shrews actively use their whiskers for
detecting prey. They are highly tactile animal with a large somatosensory cortex, which
contains a barrel field, but barrels are much less clearly defined than in rodents. Barrels
are present in a diverse set of species but only a small subset of species with whiskers
has barrels and many species with clear cortical barrels do not show whisking behavior
(Fox, 2008).
Similar difficulties in relating modular structure and function have been encountered
in the rat entorhinal cortex which contains a small number of discrete functional units
(Barry et al., 2007; Stensola et al., 2012) and a diversity of anatomical modules. There-
fore, we aimed to provide common anatomical framework for medial entorhinal cortex
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modularity based on pyramidal cell clusters. To relate the modular architecture to grid
cell modules we proposed a model of pyramidal cell connectivity (Brecht et al., 2013). In
the model, we suggest that the microcircuits underlying grid cell function are similar to
other cortical circuits in two aspects: First, they share the abundant recurrent excitatory
connections of most cortical microcircuits (DeFelipe & Jones, 2010). Second, we suggest
that external space is topographically mapped onto the entorhinal cortex, much like the
somatotopic mapping of the body surface in somatosensory cortex (Woolsey & Van der
Loos, 1970; Catania et al., 1993). On the basis of these concepts, we studied in Chapter
4 how cortical modules are organized in layer 2 of medial entorhinal cortex. Microcircuit
analysis of medial entorhinal cortex layer 2 has largely focused on stellate cells due to
their intrinsic propensity for oscillatory activity (Alonso & Klink, 1993). In addition,
stellate cells project to the hippocampus and interfering with their activity disrupts
spatial memory formation (Yasuda & Mayford, 2006; Rowland et al., 2013). We focus
on non-dentate-projecting, pyramidal cells marked by calbindin immunoreactivity that
bundled their dendrites together and formed clusters arranged in regular array aligned
to layer 1 axons and the parasubiculum. Clusters of calbindin positive cells showed a
high degree of overlap with histochemical and immunohistochemical markers of cholin-
ergic inputs. Cholinergic drive is an important component of theta-rhythmicity which
we found to be two-fold stronger in pyramidal than in stellate neurons. Since nearly
all grid cells are strongly theta modulated (Sargolini et al., 2006; Boccara et al., 2010)
we suggest that pyramidal cells may play an important role in microcircuits for spatial
navigation. In Chapter 5 we expand on these finding by showing the complementary
distribution of reelin positive cells and differences in innervation by basket cells among
principal cells in medial entorhinal cortex. Entorhinal cortex has been implicated as
a key area in Alzheimer’s disease (Hirano & Zimmerman, 1962; Braak & Braak 1991)
with concurrent loss of modularity in the human brain (van Hoesen & Solodkin, 1993;
Augustinack et al., 2013). Both cholinergic and zincergic neurotransmission have been
implicated in Alzheimer’s disease pathology (Coyle et al., 1983; Fredrickson et al., 2005).
Therefore, our finding that cholinergic and zincergic inputs to rat medial entorhinal cor-
tex are differentially distributed in relation to pyramidal cell clusters in layer 2 may be
of interest for studying animal models of Alzheimer’s disease.
In conclusion, we studied the areal architecture of the Etruscan shrew cortex and the
modular architecture of the rat medial entorhinal cortex as a contribution towards un-
derstanding structure-function relations in the cerebral cortex.
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English summary
Neurons of the cerebral cortex are collectively organized into microcircuits, modules and
cortical areas. In my doctoral thesis I studied the neurobiology and cortical structure of
the Etruscan shrew - a new model animal for neurobiological research - and the modular
structure of the entorhinal cortex of the rat. The small size of the Etruscan shrew’s brain
offers particular advantages for understanding cortical activity at the multi-cell level,
both due to its small number of cortical neurons and its intrinsic advantages for optical
imaging approaches. The entorhinal cortex contains both well-defined functional and
anatomical modules and provides a unique opportunity for studying their interrelation.
In Chapter 2 study the behavior and neurobiology of the Etruscan shrew, Suncus etr-
uscus, one of the smallest and fastest mammals. When hunting, shrews need to detect,
overwhelm and kill their insect prey, a fast moving target that is almost as big as the
shrew itself. Shrews have an elongated snout covered by a large array of whiskers which
are rhythmically moved to explore the environment by touch. Behavioral experiments
have shown that tactile shape cues are both necessary and sufficient for evoking attacks
and the visual and auditory sense are unlikely to play a major role in prey recognition.
We show in Chapter 3, that the organization of the cerebral cortex of the Etruscan
shrew reflects this behavioral specialization. Several cortical areas comprising collec-
tively about a third of the cortical volume respond to vibrissal touch. One cortical
hemisphere contains only about 1 million neurons which is on the order of the number
of neurons found in some insect brains. Cytoarchitecture as well as histochemical and
immunohistochemical staining revealed 13 cortical regions - a large number considering
the small size of the shrew’s brain and the possibility of further subdividing some of
these regions into discrete cortical areas.
Pyramidal cell clusters in layer 2 of medial entorhinal are easy and reliably identifiable
and thus provide common anatomical framework for medial entorhinal cortex modular-
ity. In Chapter 4 we study how cortical modules are organized in layer 2 of medial en-
torhinal cortex, in particular we focus on non-dentate-projecting pyramidal cells. These
pyramidal cells form geometrically arranged clusters and bundle their dendrites towards
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a common point overlapping with presynaptic markers of cholinergic inputs. Cholinergic
drive is an important component of theta-rhythmicity which we found to be two-fold
stronger in pyramidal than in stellate neurons. Since nearly all grid cells - an important
functional cell type for spatial navigation - are strongly theta modulated we suggest that
pyramidal cells may play an important role in microcircuits for spatial navigation. In
Chapter 5 we investigate the spatial distribution of stellate cells and the differences in
innervation by basket cells among the principal cells in medial entorhinal cortex. In this
work, we studied the areal architecture of the Etruscan shrew cortex and the modular
architecture of the rat medial entorhinal cortex as contributions towards understanding
structure-function relations in the cerebral cortex.
Deutsche Zusammenfassung
Die Neurone der Hirnrinde sind in Mikroschaltkreisen, Modulen und Arealen organ-
isiert. In dieser Doktorarbeit habe ich die Neurobiologie und Hirnrindenstruktur der
Etruskerspitzmaus - ein neues Modelltier fu¨r neurobiologische Forschung - und die mod-
ulare Struktur des entorhinalen Cortex der Ratte untersucht. Die geringe Gro¨ße des
Gehirns der Etruskerspitzmaus bietet besondere Vorteile fu¨r das Versta¨ndnis kortikaler
Aktivita¨t von Zellgruppen, sowohl aufgrund seiner geringen Anzahl von Neuronen als
auch aufgrund der Vorteile kleiner Gehirne fu¨r mikroskopische Bildgebung. Die entorhi-
nale Kortex entha¨lt sowohl gut definierte funktionelle als auch anatomische Module und
bietet daher eine einzigartige Gelegenheit fu¨r das Studium ihrer Wechselbeziehungen.
In Kapitel 2 untersuchen wir das Verhalten und die Neurobiologie der Etruskerspitz-
maus, Suncus etruscus, eines der kleinsten und schnellsten Sa¨ugetiere. Bei der Jagd
mussen Etruskerspitzma¨use Beuteinsekten u¨berwa¨ltigen die fast ebenso groß wie die
Spitzmause selbst sind. Spitzma¨use haben eine la¨ngliche Schnauze mit einer großen
Anzahl Tasthaaren (Vibrissen), die rhythmisch bewegt werden, um die Umgebung zu
erkunden. Verhaltensexperimente haben gezeigt, daß taktile Reize notwendig und hin-
reichend sind, um Beutefangverhalten auszulo¨sen, wa¨hrend visuelle und auditorische
Reize eine untergeordnete Rolle spielen. Wie in Kapitel 3 dargelegt, reflektiert Organ-
isation der Hirnrinde diese Spezialisierung im Verhalten. Mehrere kortikale Regionen,
die zusammen etwa ein Drittel des kortikalen Volumens ausmachen, reagieren auf taktile
Reize. Eine kortikale Hemispha¨re entha¨lt nur etwa eine Million Neuronen, eine a¨hnliche
Gro¨ßenordnung wie die Anzahl von Neuronen im Gehirn einiger Insekten. Basierend auf
der Zellarchitektur sowie histochemischen und immunhistochemischen Fa¨rbungen haben
wir 13 kortikale Regionen definiert - eine große Zahl angesichts der geringen Gro¨ße des
Spitzmausgehirns und der Mo¨glichkeit einer weiteren Unterteilung einiger dieser Regio-
nen in weitere kortikale Areale.
Pyramidenzellnester in Schicht 2 des medialen entorhinalen Kortex eignen sich als Bezugssys-
tem fu¨r die verschiedenen anatomischen Module, da sie leicht und zuverla¨ssig zu iden-
tifizieren sind. In Kapitel 4 wird die modula¨re Struktur der Schicht 2 des medialen
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entorhinalen Kortex untersucht, insbesondere die Pyramidenzellen in Schicht 2 des me-
dialen entorhinalen Kortex, die nicht zum Hippocampus projizieren. Diese Pyramiden-
zellen formen geometrisch angeordnete Nester und bu¨ndeln ihre Dendritenba¨ume hin zu
einem Punkt, der sich genau mit erho¨hten Konzentrationen von pra¨synaptischen cholin-
ergen Markern u¨berschneidet. Cholinerge Transmission ist ein wichtiger Bestandteil
des Theta-Rhythmus und unsere Ergebnisse zeigen, daß Pyramidenzellen im Vergleich
zu Sternzellen doppelt so stark Theta-moduliert sind. Da fast alle Gitterzellen - ein
wichtiger funktioneller Zelltyp fu¨r ra¨umliche Navigation - stark Theta-moduliert sind,
ist anzunehmen dass Pyramidenzellen eine wichtige Rolle in den Mikroschaltkreisen fu¨r
ra¨umlichen Navigation spielen. In Kapitel 5 untersuchen wir die ra¨umliche Verteilung
der Sternzellen im entorhinalen Kortex sowie die Unterschiede zwischen Pyramidenzellen
und Sternzellen in ihrer Verschaltung mit Korbzellen. In dieser Arbeit wurden an der
Hirnrinde der Etruskerspitzmaus sowie der entorhinalen Hirnrinde der Ratte modellhaft
Struktur-Funktions-Beziehungen in der Großhirnrinde aufgekla¨rt.
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